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Preface 



The development of the chemistry of the fullerenes was and continues 
to be a most exciting challenge in chemical research of the 1990s. It is not 
only the symmetric^ structure and the beauty of these molecular allo- 
tropes of carbon but also their unprecedented properties that keep a large 
number of chemists, physisists and material scientists working with these 
spherical architectures. It came as no surprise that, the discovery of the 
fullerenes by Curl, Kroto and Smalley was rewarded with the Nobel prize 
in 1996. 

The prototype of all fullerenes is Buckminsterfullerene C^q. Since it is the 
most abundant fullerene obtained from macroscopic preparation procedures 
such as the classical Kratschmer-Huffman method, its chemical and physical 
properties were developed in very quick sucession soon after it became available 
in 1990. The icosahedral football shaped Buckminsterfullerene ^60 is now the 
most intensively studied molecule of all. Many principles of the chemistry of 
are known. These allowone to tailor design new fullerene derivates with specific 
properties useful for biological applications or as new materials. The main types 
of fullerene derivative are exohedral addition products, endohedral fullerenes, 
heterofullerenes and cluster opened systems. Whereas many examples of the 
first two groups are already known, sophisticated methods for the synthesis of 
the latter two groups have started to emerge only recently. 

It was also more recently that the chemistry of the less abundant and less 
symmetrical higher fullerenes like C 70 and € 7 ^ started to develop. Aspects 
such as the inherent chirality of some of these carbon cages or the search for the 
principles of the regioselectivities of addition reactions to their conjugated 
TT-system make these investigations most attractive. 

The macromolecular analogues of the fullerenes are the carbon nanotubes. 
The development of nanotube research started soon after the bulk production 
of €50 and their identification in soot deposits formed during plasma arc ex- 
periments. Next to their remarkable and at the same time variable shape the 
carbon nanotubes have unique mechanical and electronic properties which are 
very sensitive to their geometries and dimensions. 

The present volume combines reports and the current status of the principles 
of fullerene reactivity, of cluster modified fullerenes, of higher fullerenes 
and nanotubes and reviews potential applications of fullerene materials. This 
volume is also meant to inspire interested fullerene researchers to find elegant 
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solutions and improvements for the perpectives described here. Fullerene and 
nanotube chemistry is still a young field and many facinating ideas await 
realization. 

Andreas Hirsch, Erlangen August 1998 
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he fullerenes h ve een est lishe s new n vers tile nil ing lo ks in org ni hemi- 
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minsterfullerene h ve een synthesize . he hemistry of ontinues to e goo for 
m ny sur rises, owever se on resent knowle ge series of re tivity rin i les n e 
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ii . ii irsuh 



iiuuition reiiiitions iiontuin the liirgest synthetiiiuotentiul in fullerene uhemistry 
iiut they iiun iilso iie useii iis ii uroiie for screening the uhemiiiul iirouerties of 
fullerene surfiiues.iinulysis of the niiture of uiiiiition reiiiitionsibf geometriiiunii 
eleiitroniii structures of eiiuuts iinii iiroiiuuts ullows one to iieuuue reiiutivity 
iirinuiules whiuh lire the iientrul suiijeut of this iirtiule. line striking uoniilusion 
is the followingiithe fullerenes iirew iittention to ii mostly overlookeii uhemistry 
Criterion - the shCCe CeCenCenCe of reCCtivity. Chis ContriCution foCuses on the 
reCCtivity CrinCiCles of C^o Cs the most imCortiint CnC most intensively inves- 
tigiiteC fullerene. Che CCCition uhemistry of the higher fullerenes follows similCr 
CrinCiCles. 



2 

Structure and Electronic Properties of Qo 

Che iCosCheCrCl C^q ([60- htfullerene) Consists of 12 CentCgons CnC 20 hexCgons 
(Cig. 2). Chis CuilCing CrinCiCle oCeys Culer’s theorem CreCiCting thCt exCCtly 12 
CentCgons Cre requireC for the Closure of CCCrCon network Consisting of n hexC- 
gons. [60- htfullerene is the first stCCle fullerene CeCCuse it is the smCllest Cossi- 
Cle to oCey the isolCteC CentCgon rule (CCC) [19C20C Che CCC CreCiCts fullerene 
structures with Cll the CentCgons isolCteC Cy hexCgons to Ce stCCilizeC CgCinst 
structures with CCjCCent CentCgons. C CestCCilizCtion CCuseC Cy CCjCCent CentC- 
gons is (i) Cue to CentClene-tyCe C7T-eleCtron systemsCleCCing to resonCnCe 
CestCCilizCtion CnC (ii) Cue to Cn inCreCse of strCin energyCCs C ConsequenCe of 
enforCeC ConC Cngles. 

C ue to the sCheriCCl shCCe of the unsCturCteC CCrCon network the C -Ctoms 
Cre CyrCmiCClizeC. Chis hCs severCl ConsequenCes. 

1. Che CeviCtion from ClCnCrity intro CuCes C iCrge Cmount of strCin energy. 
ChermoCynCmiCCllyCCgo is therefore ConsiCerCdy less stCCle thCn the ClCnCr 
grCChite. Che heCt of formCtion of C^q wCs CetermineC exCerimentClly Cy 
CClorimetry to Ce 10.16 kCiil/mol Cer C-Ctom ComCCreC to grCChite Cs ref- 
erence [21C C wCs estimCteC Cy CCCCon thCt the strCin energy within C^q 
mCkes uC CCout C0% of its heCt of formCtion [22C 




Fig. 2 a-c. ueuresentutions of u^qU lowest energy uu structure; suuue filling mouel; tuue 
mouel 
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2. iihe uonjugiiteii u-iitoms of ii fullerene resuonii to the iieviution from iilim- 
iirity iiy rehyuriuiziition of the stf crunii n oriiitulsusinue iiure ii uhuriiiiter of 
7T oriiituls is only iiossiiile in striiitly iiliinur situations [22ii 

iihe eleiitroniii structure of non-iiliiniir uonjugiiteii orgiiniii moleiiules wiis iinii- 
lyzeii iiy ii iiiiiion using the TToriiitul iixis veiitor (iiiiiiii ) iiniilysis. iior ii^o un iiver- 
iige aiionii hyiiriiiiziition of sii^-^^^ iinii ii friiiitionul s uhiiriiiiter of O.OiiS (iiiiiiii 1) 
or O.Oiil (iiiiiiii 2) wiis founii [23-27iiiis ii ibnsequenueibf the 7T-oriiituls extenii 
further iieyonii the outer surfiiue thiin into the interior of ii^o • iihis uonsiiieriition 
imiihesumoreoveriiiigo to iie iifiiirly eleiitronegiitive moleiiule [2iiu29iisinue iiue 
to the rehyiiriiiiziition low lying tt* oriiituls iilso exhiiiit uonsiiieriiiile s uhiiriiiiter. 

ii nother struhturiil iisiieiit is of imiiortiinue iinii iiliiys ii uentriil role for the 
uhemiiiul iiehuvior of ii^o- iihe iioniis iit the juniitions of two hexiigons ([6i6i> 
iioniis) iire shorter thiin the iioniis iit the juniitions of iihexiigon iinii ii iientiigon 
([5i6i> iioniis). iihis wiis iiemonstriiteii iiy ii series of theoretiiiul [30 -34ii iinii 
exherimentiil investigiitions [35-3iiii(iiiiiile 1). iis ii uonsequenueiiin the lowest 
energy iiekule structure of ii^o the iiouiile iioniis iire iiliiueii iit the juniitions of 
the hexiigons ([6i6ii iiouiile iioniis) iinii there iire no iiouiile iioniis in the iientii- 
goniil rings, iioiiologiiiiillyiieiiuh hexiigon in ii^o exhiiiits ii iiyiilohexiitriene iinii 
eiiiih iientiigon ii [5iiriiiiiiilene uhiiriiiiter (iiig. 3). 



Table 1. iiiiliiuliiteu iinii meiisureil ilonii iiistiiniies in il^o in A 



ii ethoii 


[5i6iiiioniis 


[6i5iiiioniis 


iiefereniie 


u u(iiuii -3u ) 


1.465 


1.376 


30 


u u(7 3 /4 2 ) 


1.453 


1.369 


31 


iiiiii(ll 6 ) 


1.43 


1.39 


32 


iiii 


1.44ii 


1.37 


33 


ii ii2 


1.446 


1.406 


34 


uu u 


1.44ii 


1.370 


35 


ii eutron iiiffriiiition 


1.444 


1.391 


36 


iileiitron iiiffriiiition 


1.45ii 


1.401 


37 


ii-riiy 


1.467 


1.355 


3ii 




Fig. 3. iiyiiiohexutriene iinii riiiiiulene suiiunits of ii6o 
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ii hiit is the reiison for the iionii length ulterniition in ^60- iihe iionii length 
ulterniition in ii^o iiiinnot iie exiiliiineii with striiin iirguments for two reiisons. 
iiirstiithe striiin energy is iireiiominiintly iiue to the iiyrumiiiuliziition of the ii- 
iitoms iinii this iioes not iieiienii on whether there is iionii length ulterniition or 
not. iieuoniiuin ii the iionii length ulterniition is uonsiiieriiiily reiiuueii iinii in 
ii 6o" it ulmost viinishes [39ii iihe iiiffereniie in iionii lengths between [6i6u-iioniis 
iinii [5i6u-iioniis is riither iiireiitly uonneiiteii with the symmetry of ii^o unii the 
oiiiiuiiiition of its moleiiuliir 7T-oriiituls. iihe shortening of one of the tyiies of 
iioniis is equivulent to ii iiiirtiul loiiuliziition of the 7T-oriiituls into loiiulizeii 
iioniis. iihis iiiin eiisily iie riitionulizeii uonsiiiering ii struiitureless shell moiiel 
[40 -42ii iinii iiy iinulyzing the niiture of the frontier oriiituls within the fullerene 
friimework iis iiemonstriiteii for the first time in this review, iihe eleiitroniii levels 
for the 60 7T-eleiitrons of ii^o iiiki iie iieiiuueii stiirting with ii siiheriiiul iiiiiiroxi- 
miition [42ii iihe uorresiioniiing siiheriiiul hiirmonius iire useii to iiesuriiie the 
hiirmoniii wuve funiitions of this eleiitron giis with their iinguliir momentum 
quiintum numbers, bhe irrebubible rebresentbtions of the ibosbhebrbl groub bbn 
be founb using groub theory by lowering the symmetry from full rotbtionbl 
symmetry to ibosbhebrbl symmetry trebteb iis b berturbbtion (bbiile 2). 

bonsibering the bbuli brinbible it bbn be seen thbt 60 n-elebtrons will bom- 
bletely fill iinguliir momentum stiites ub through € = 4blebving 10 elebtrons in 
the € = 5 level whiiih bbn bbbommobbte b totbl of 22 elebtrons. bor € = 4 the filleb 



Table 2. uilleu shell iinu suushell 7r-eleutron ibnfiguriitions for u^q [42u 



F 


iihell 


uleutrons/stute 




u u u u in iih symmetry^ 


0 


s 


2 


2 




1 


u 


6 


u 


flu 


2 


u 


10 


lu 




3 


f 


14 


24 


ffu 








26 


gS 








32 


flugu 


4 


g 


lu 


40 


gg 








42 


hio 








50 


giihio 


5 


h 


22 


56 


flu or ffu 








60 


hi“ 








62 


ffJL 








66 


ffuh},'’ or 








72 


ffufLhi“ 



^ unguliir momentum for u suheriuiil shell of u-eleutrons. 

^ u umber of u-eleutrons for uloseu shell grounu stute uonfigurutions in iuosuheurul symmetry. 
^ uymmetries of ull the levels of the 1 vulue uorresuonuing to the u u u u ; the suuersuriut on 
the symmetry luuel inuiuutes the uegeneruuy of the level. 
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uniierstunu in ii quulitiitive miinner. iis iiun iie seen from iiig. 5iithe uoniiing 
interiiiitions in the five-folii uegeneriite oriiituls lire loiiuteii iireferuiily iit the 
[6i6u-sitesiiwhereus iit the [5i6ii-sites there iire miiinly iintiiioniiing interiiiitions 
(noiies). ii different situiition iiomes out for the iinii oriiitulsiiwhere the 
noiies iire loiiiiteii iit the [6i6ii-sites iinii the iioniiing interiiiitions iit the [5i6ii- 




Fig. 5a-h. iioeffiuients of ii6o frontier oriiitulsii one of the five iiegeneriite iiii 3 uuKiuliiteii 
ii ii ii ii s seen from the front; the uerueniiiuuliir siiie iiersueiitive; front iinii siiie views of 
suhemiitiiireiiresentiition of the ii iiii ii showing only the exoheiiriil iiiirt of the oriiitiil iirojeii- 
teii to the uorresiioniiing ii-iitom for iiliirity; one of the three iiegeneriite iiii 3 iiiiliiuliiteii 
iiii ii ii s seen from the front; the iieriieniiiiiuliir siiie iiersiieiitive; suhemutiiireiiresentiition 
of the iiii ii ii . iihe in the quiilitiitive suhemutiiiiiresentiitions iienote liirge iinii the 

smiiller iiiriiles meiiium uoeffiiiients. iiery smiill ibeffiiiients iire omitteii for iiliirity. iihe three 
iiii ii ii s of ii6o hiive the siime geometry iinii iire orienteii iieriieniiiiiuliir to eiiiih other 
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sAA. As AA^As^uMAAMlAAtAA* . ArAAAs MisA AsAAtAAAAAAMAAAAAAs 
lAAAAAtAAA AAAAAA. AAUAAAAy AAAA tAAsAA AtA. AA Aj^As iAaAA AAA 
AAAAs rAAiMAAAAAAAAAAtAAAAAs. AAAAAlAAtAA*.. AAA*.. AAAAls tAA 
AAAAAAAAAAAA A AAAAAA 

MJmmkilkEk AAAAA A^A^, sAAv tAA tAAAAAA lAAAA AAAAA A A AA 
AquMM wM tAAm km tAAAAA^ AAA A ^ 

sAA AAAAlAAAA AA A^‘ A^A^) AAAAt A ArtAA AAAAAA^ AAtAAAAAAA 
AAAAs AAAAA) AAA ArAAAj^ AsAArtAAAA AAtAAAAlAAAAAAs AAAAA) AAA AA 
AkkkusMMk A tAAAilAAAlAtAA* . A.. AAAA *.. ArAAAls wAAAA A rAAAAsA^AAAr 
tAAAAArAAAAAAAAlAAAtA AtArAAAA AAA A AAsA)t rAAAAtAtAAsAuAAAA AA 
tAAAAAulAAA wAAAAAAAAAAAAAAAtAAAAlAAAAAtAAAAAAulA ArAAAs wAA 
AAAAr AAAr AAA2 TrAAArAAsAAAAtArtAAAAAA tAAAAAAl* .. tAAA AAAAAr AAt. 
AA AAAtrAst tA tAA lAtAAAAwAAAtAA AAtArtAAA AA AAutrA A^ AAAAly AArA 
r As AAAAs tA tAAAAtArAAl struAurA AAAAA AA AAAAAA AAA AAA AA lAAA tA A 
syAAArylAwAAAA 

AAA*. . AAAAs AAA^j A A Av Ij AAAuAAAt AAtAA A A AAAAly AAArAAAAAAA 
vAA AAAulAAAA AAAAAtA AAAajuAAAAA AAA tAAAAAAA AAAurAA AAAAAA AA 
Ay AAArAAAAA AAA AAvAt AAAAAA A Aa 3 - AAAAAA Ay s AAA AAAAu AAAA rAAAAAA 
wAA AAArAAAAAAA AAs AAAAAAAAA AAAAAAAAAA A AAAulA AAAA- AAAAA 
AAAA AAAuAAAsAArAAsAAlAAAAAAAArAArAAuAAAA uAtAtAAAAAAAAAAAAAA 
AAAAAA AAAA Ay ^AAAvAtAA A Ary AA - AAAAs A AAAAAAA AAAvAtAA AAArAA 
AAffiAy A AAAAly AuAtAtAAAyrAAA^AAAAAAAAAAAAAA lAAAAAAtArr* AAAA 
tAs waAsAAAAAAAA s AAAAAA. AAAr AAAAAA AAA^ AAA AsAAAAAAAAAAA A A 
strAAArAAAAAAAAs AsAtAAAy tAAAyrAA AAAAAA AAAtAA sAAAAAAAAAAAAA AA 
AArA AA AAA AAAAAAA AAAAAwA tA AAAA A^rAA AAAAAA AAAA ArAA. A A tAA 
AAA AAAA tAA* . AAAAs AAAsAlAv A AAAAy wAAA A AAA tAA A^o A AAffi 
Alt tA aAAAaA waAAa. wA AArAAAAAA Ay AAAvAtAA A Ary Moaaaa AAA 
AvAtAAAAAAs AAAAA AAAAsAAAuAAAstAAA AtAA s AAtrAAAsAAAAAwAA 
tAArAAA sAAAAAA AAAA Ary AAA^, AAAAusAuAAA AAAAAAAA AAAAAAAAA AA 
AAA AAAAAArAAA AAAAAAs AA AAAA AAAA Ar A lAAAAAA tA AA AAAAAA AA 
strAAAAAAAy. 

AAAAllAAAA sAAw AAAAAAAA rAAAArrAAs AAtAAlAAAAsAAAAAtAAAAA 
AAAAuA rAAA A AAAAAtAA rAAAArrAAs) AAAA A AAA-AA AAAstrAAAAAAtAA 




Fig. 6 a, b. nMUtiAk rM ArrAAs A A* Ar A A AAAAA MA AMAA AAAAAAAulA tAA 
• AAAAAA AA AAAA rAAA AAAA A); • AsAAAA AA AAAA rAAA AAAA A)AAAAilAAA wAA tAAAAAAAA 
tAAAry. AAAAurrAAs AA tAA AAA As AAAAAA AAAAAAA^AAAwAAAvAAAA tAA AAA tAA AAA As 
AAA Atly AAAA AAAAAA AAAAurrAA strAAAA A AAAAwAArAAAA tAtAA AA AAAzAAAAAAA 
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ring iiurrents is ibmiiuruule to those in iienzenoiu hyiirouuruons. ii f uurtiiiulur 
imuortiinue is the finiiing of iiuruniugnetiu ring iiurrents in the iientiigons. iihese 
iiurrents iire founii to iie suffiuiently liirge thiit their sum over the twelve iientugons 
iilmost exiiiitly iiimueleii the iiiumugnetiii iiurrents in the 20 6-memiiereii rings. 

iihe iiiinuelliition of ring iiurrents in neutriil ii^o is iiiiireiit ibnsequenue of the 
fullerene toiiologyiiwith the iiiiimiignetiii term of the miignetiii susiieiitiiiility 
liirgest in the hexiigons iinii its iiiiriimugnetiiiiiiin ii leiik term iireiiominiint in the 
iientugons in suuh ii wuy thiit the overiill effeiit of the 7T-eleiitrons on the miigne- 
tiiisusueiitiiiility is negligiiile. iihese finiiings exiiliiin the viinishingly smiill ring- 
iiurrent uontriiiution to the totiil mugnetiii susiieiitiiiility of ii^o iietermineii ex- 
iierimentully. ii iiowerful tool for meiisuring the mugnetiii shieliiing in the inte- 
rior of ii fullerene is ^ii e ii ii ii siieiitrosuoiiy on eniioheiirul fullerenes eniiiiiisu- 
liiting the nuiieus ^ii e [54ii55ii ii hereiis the uhemiiiul shift of ii e in ^ii eii ii^o is 
uomiiiiriitively smull (a = -6) iiliirge iiiiiiitionul shieliiing iiy more thiin 40 iiiim 
is oiiserveii in ^ii eii iigii^o with ii^o iieing in the hexiiiinioniii stiite with the 
oriiituls oiiiiuiiieii [53ii iihis is Consistent with the symmetry of the oriiitulsii 
where the noiies iire iireferiiiily loiiiiteii in the hexiigons iinii the iioniiing inter- 
iiiitions in the iientugons. iihis oriiitiil structure Cllows for strong CiiimCgnetiC 
ring Currents within the Centiigons in CCCition to those ClreCCy Cresent in the 
hexiigons. 

Che sCeiiifiCuhemiCiil CroCerties of C^q Cre CCireCt ConsequenCe of its sCheri- 
Ciil structure with the ConC length iilternCtion in the neutriil stCte CnC the resul- 
ting elect roChiliiiity. Chis will Ce CemonstrCteC in Cetiiil in the following CiirC- 
grCChs. C oreoverCit will Ce shown thCt mCny fullerene CerivCtives retCin tyCiCiil 
CroCerties of the CCrent moleCuleiiike ConC length iilternCtion CnC eleCtroChili- 
City. Clso for CerivCtives it is the unique sCheriCiil structure of the fullerene Core 
CnC the resulting stereo-eleCtroniC CroCerties which govern the reCCtivity. 

3 

Outside Reactivity 

3.1 

Typical Addition Reactions of Cgo 

3.1.1 

Nucleophilic and Radical Additions 

Cgo reCCily reCCts with nudeoChiles [56-C7CiinC rCCiCiils [CC-lOOCto giveiifor 
exiimCleuhyCrogeniiteCiiiilkylCteCiiiirylCteCiiiilkynyliiteCiisilylCteCiiiiminCteC CnC 
ChosChorylCteC CCCuCts. Chese tyCes of CCCitions iire iimong the eiirliest oC- 
serveC reCCtions in fullerene Chemistry, ixi the CCse of reCCtions with nudeo- 
Chiles the initidly formeC intermeCiCtes CUnC^o din Ce stCCilizeC Cy (1) the 
CCCition of eleCtroChiles C^iifor exiimCleiiC '^Cor iiiirCoCCtions to give CgoCCCu)^ 
[59iiC(2) the CCCition of neutrd eleCtroChiles C-C like dkyl hdogeniCes to give 
C6o(CCu)n [75iiii(3) Cn C^i or internd CCCition reCiition to give methiinofullerenes 
[61CiinC iiydohexenofullerenes [C6iiCresCeCtively or (4) Cy Cn oxiCCtion (Cir) to 
giveiifor exiimCleiiC 6 ohU 2 [63CC(Cuheme 1). 
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Scheme 1. iiyuiiiul exiimules for nuuleouhiliu uuiiitions to ii6o 



iilthough iilurge numiier of isomers lire in uriniiiule iiossiiile for uuiiitions of 
segregiiteii iiiiueniisuthe iireferreii moiie of iiuuition is li£. iior uibmuinution of 
steriuiilly uemiinuing iiiiueniis lii uuiiitions [63u66u72u75iiu0iiiinii even li6 iiiiiii- 
tions [ii7ii(to the Positions 1 iinii 16) iiiin tiike iiliiiie iilterniitively or exiilusively 
(iiig. 7). 

iihe iiiiiiition of free riiiiiiiiils like ii 3 ii iiii 3 iii iiu 3 iin' iinii iiii’ generiiteii 
uhemiiiiillyiiuhotouhemiiiiillyibr thermiilly leiiiis iilso to suiistituteii iiihyiiro- or 
iiolyhyiirofullerenesiiwith the siime iirefereniies of iiiiiiition moiies [iiii-93u 
iis fiir iis the resulting iiiiiiition iiiitterns of iiroiiuiits iinii the iiresumeii meuhii- 
nisms iire iioniierneiiiinuiileoiihiliiiiiuiiitions iinii riiiiiiiiil iiiiiiitions iire iilosely 
reliiteii iinii in some iiiises it is iiiffiiiult to iieiiiiie whiiih meuhiinism iiiituiilly 
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Fig. 8. iiii 3 miliiuluteii ii ii ii ii of ii^oU 2 shown from three iiersueiitives 



iihis imiilies ii useful uuuroximutionuniimely to look iit ii li2-iiihyiiro[60u- 
fullerene iis ii stereo eleiitroniiiully slightly iierturiiiiteii ii^o- tihe intro iiuiition of 
ii iiouiile iionii into ii five-memiiereii ring hosts iiiiout ii.5 kiiul/mol [3iil03ii 
(iiigs. 9 iinii 10). iii ii lii-iiiiiiuiit (lii-iiihyiiro[60ufullerene) one iinii in ii li6- 
iiiiiiuiit (lii6-iiihyiiro[60ufullerene or li6-iiihyiiro[60ufullerene) two iioniis in 
five-memiiereii rings iire requireii for the uorresiioniiing lowest-energy iiekule 
struiiture. iihis ii ii uonsiiieriition is iilso uonfirmeii exiierimentully iinii iiy ibm- 
iiutiitions (iiig. 7). 

iihe lii iinii lii6 iiiiiiition iiiitterns iire only iireferreii for steriiiully iiemiin- 
iiing iiiiiieniisiisinue in the uorresiioniiing li2-iiiiiiuiits or even in some lii- 
iiiiiiuiits the eiiliiising interiiiitions iieuome iireiiominiint (iiiiiile 3). ii li6-iiiiiii- 
tion iiiittern with ii iiluster iioseii struiiture is unfiivoriiiile iinii hiis never iieen 
isoliiteii iiue to iioth intro iiuiition of two [ 5 i6i> iiouiile iioniis iinii eiiliiising inter- 
iiiitions. ih li£-ii 6 oii 2 iithe eiiliiising interiiiition wiis estimiiteii to iie iiiiout 
3-5 kiiiil/mol. iihis viilue iniireiises with iin iniireiising size of the iiiiiienii. iihe 





Fig. 9. iiumiiering system within the lowest energy iiii struiiture of ii6o iinii iieiieniienue of the 
toiiologiiiully ibunteii minimum numiier of [5i6ii- iiouiile iioniis whiiih hiive to iie intro iiuueii 
iiy the iiiiiiition of two hyiirogens on the iiositions of the hyiirogens 
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Table 3. iiiiliiuliiteii reliitive iiii 3 energies (kiiiil/mol) of iiihyiiro [60iifullerene iieriviitives with 
iiiiiieniis of iiifferent steriiiiil requirement 





liZ-iiiiiiuiit 


Ii4-uuuuiit 


lib-iiiiuuut 


Iii6-uuiiuiit 


^60^2 


0 


3.ii 


lil3 


15.5 


U 60 U -uu 


0 


3.1 


17.ii 


15.0 


ii6o( -uu)2 


31.3 


0 


40.6 


9.2 


U6o[ui( -iiu)3ii 


- 


13.3 


- 


0 



reliitive iiroiiuiit uistriiiution is uiiliiniieu iiy minimizing [5i6ii-iiouiile iioniis on 
the one hiinii iin eiiliiising interiiiitions on the other hiinii. 

iiihyiiro [60ifullerenes hiiving the iiiiiieniis iittiiuheii further iiiiiirt iis those 
iiesiiriiieii iiiiove woulii require the intro iiuiition of even more [5i6ii-uouiile 
iioniis iinii hiive not iieen isoliiteii. 

iihe iihiirge or siiin iiensity of iirimiiry iiiiiiuiits iiiig^ or iiii^o formeii iiy 
nuiieoiihiliii or riiiiiiiiil iiiiiiitions is highest iit iiosition 2 iinii followeii iiy 4 (11) 
for nuiileoiihiliii iiiiiiitions iinii iit iiosition 2 followeii iiy 4 (11) iinii 6(9) for riiiii- 
iiiil iiiiiiitions (iiig. 11) [3ii iihis is iilso ii result of iivoiiiing formiil [5i6ii-uouiile 
iioniis. iirom this iioint of view iilsoiiiin eleiitroiihiliiiiittiiuk or ii riiiiiiiiil reuomiii- 
niition iiroiiess iit the iiosition 2 is fiivoreiiiinegleiiting eiiiusing interiiiitions. 



3.1.2 

Cycloadditions 

ill iiyiilo iiiiiiitions exiiusively the [6i6ii-iiouiile iioniis of ii^o iiiit iis iiienes or 
iiienoiihiles [3ii5ii6u ii liirge viiriety of iiyiilo iiiiiiitions were iiiirrieii out with ii^o 
iinii the iiomiilete uhiiriiiiteriziition of iioth monoiiiiiiuiits iinii multiiile iiiiiiuiits 
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iimong these generul reiiutions severiil exumiiles iieserve siieuiul iittention 
sinue they refleiit uhikuuteristiu uhemiuul iirouerties of iigo- 

1. ueversiiiility of uiels-uluer-reuiitionsusome of [4 + 2u uyiiouuuitionsufor 
exiunuleiithe reuiition of ii^o with unthriiuenes [104-lOiiuor uyulouentiimene 
[104ul09uure reversiiile. iihe iiurent uomuonents tire oiituineii from the 
iiuuuiits uiion heiiting. iii the iiuse of 9ii0-uimethylunthriiuene (iiii ii) iis 
iiiene the iiiels-iiluer reiiiition is ulreiiiiy reversiiile iit room temiieriitureii 
miiking it iiiffiiiult to isoliite the iiiiiiuiit. iiuiih fiiuile retro -reiiiitions hiive iieen 
useii for regioseleiitive formiitions of stereo uhemiiiully iiefineii multiiile 
iiiiiiuiits like the temiiliite meiiiiiteii syntheses using ii ii ii iis reversiiily 
iiiniiing iiiene (iiiiheme 3) [107iiiinii the toiiouhemiiiully uontrolleii soliii stii- 
te reiiiition of ii^o with iigoCiinthriiuene) to give -l-ii 6 o(iinthriiuene )2 
(iiiiheme 4) [lOiiii 

2. [2 + 2iiiieiiiitivity with iienzyneiieven with the gooii iiienoiihile iienzyne ii^o 
iioes not reiiiit iis iiiene iiut riither forms ii [2 + 2iiiiyiiloiiiiiiuiit (iiiiheme 5) 
[110- 112ii iine reiison for this tyiie of reiiiitivity is iiertiiinly iiue to the fiiiit 
thiit in ii hyiiothetiiiiil [4 + 2u-iiiiiiuiit one unfuvoriiiile [5i6ii-iiouiile iionii in 
the lowest energy iiii structure is requireii. 

3. iiormiition of iiuster oiieneii methiino- iinii imino[60ifullerenes (fulleroiiis 
iinii iiziifulleroiiis)iithermiil [3 + 2u-iiyiiloiiiiiiitions of iiiiizo iiomiiouniis or 
iiziiies leiiii to the formiition of fulleroiiyriizolines or fullerotriiizolines. iihe 
thermolysis of suiih iiiiiiuiits iifter extrusion of ii 2 iifforiis iis kinetiii iiroiiuiits 
the uorresiioniiing [5i6u-iiriiigeii methiino iinii iminofullerenes with iin intiiiit 
60 7T-eleiitron system iinii iin oiien triinsiinnuliir iionii (iiiiheme 6) [1 13 - 12iiii 
iihe uorresiioniiing [6i6u-iiriiigeii structures with 5ii 7T-eleiitrons iinii iiiiloseii 
triinsiinnuliir iionii iire formeii only in triiiies. 

ii oweveriiif the suiistituents on the methiino or imino iiriiiges uontiiin iit leiist 
one suiistituent suiih iis ii iihenyl or ulkoxyiiiiriionyl grouii stiiiiilizing riiiiiiiul 
intermeiiiiitesufiiuile thermiil reiirriingements from [5i6u-iiriiigeii to the thermo- 
iiyniimiiiully more stiiiile [6i6u-iiriiigeii isomers iiiin tiike iiliiueuiillowing in some 
iiiises for ii uomiilete Conversion [129- 131C Che ChotouhemiCCl extrusion of C 2 
leCCs CreferCCly to [6i6C-CCCuCts [132C Che exdusive formCtion of duster oCen 
[5i6C-CriCgeC CnC doseC [6i6C-CriCgeC isomers is dso C ConsequenCe of the 
CrindCle of the minimizCtion of [5i6C-CouCle ConCs. CyCothetiCd oCen [6i6C- 
CnC doseC [5i6C-CriCgeC isomers woulC require the formCtion of three CnC two 
unfCvorCCle [5i6C-ConCsCresCeCtively (Cig. 12). Co monoCCCuCt with suiih C 
structure hCs so fur Ceen oCserveC. 

Che formiition of [5i6C-CriCgeC fulleroiCs out of CreCursor CyrCzolines or tri- 
Czolines is Criven Cy the fCCt thCt Curing the formiition of the methylene or imino 
CriCge the Cosition C-2 remCins iiloiikeC Cy the CiCzo or iiziCe site of the CCCenC. 
iiignifiiiiintlydn the CCse of methiino CCCenCs with two Cifferent suCstituents the 
formiition of the [5i6C-CriCgeC isomers with the smdler suCstituent CCove C six- 
memCereC ring CnC the Culkier grouC CCove C five-memCereC ring is the Cre- 
ferreC CroCess [126C Chis iiiin Ce unCerstooC ConsiCering Coth meuhCnisms thCt 
hCve Ceen suggesteC for the fulleroiC formiition out of CyrCzoline or triCzoline 
CreCursorsuiCmely CConCerteC orCitd symmetry ControlleC [tt^s + tt^s + a^s + cr^CC 
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Scheme 3. uxiimule for ii temuliite-meuiuteu formution of iihexuuuuuiit with iin outiiheurul uiiuition iiiittern 
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Scheme 4. iieleiitive formution of the -1 uisiiiiuuut of ii^o with iinthrmiene in the soliii stiite 
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reurrungement [127iior ii steiiwise iirouess involving ii homolytiiiul iieuvuge 
iietween ii- 1 ' (ii-T) iinii ii -1 followeii iiy rotiition iiiiout ii-l/ii-r(ii - 1 ') in the 
sense of lowest steriiiiil hiniiriinue iinii ii subsequent nitrogen extrusion iinii riiiii- 
iiiil reuomiiiniition [126iil2iiii 



3.1.3 

Hydrogenations 

iill iittemiits to synthesize iinii uhiiriiiiterize the uomiiletely hyiirogeniiteii iuo- 
suheiirul ii 6 oh 6 o (uH-outsiiie isomer) fuileii. iihis uomiiounii is exiieiiteii to iie 
very unstiiiileusinue it uontiiins iin enormous iimount of striiin energy iiue to 20 
iiliiniir iiyiilohexiine rings iinii 90 eiiiiising ii -ii interiiiitions [3ii ii oleiiuliir 
meuhiinius (ii ii 3) [133ii iinii semiemiiiriiiul iiii 3 iiuliiuliitions on ii 6 oh 6 o show 
thiit moving just one hyiirogen insiiie the iiuge iinii forming ii new uonformer is 
iin exothermiii iirouess (iiig. 13). 

ii uonformer of ii^oh 6 o ten ii -iitoms iiiiiieii insiiie the iiuge wiis iireiiiiiteii 
to iie the lowest energy isomer with iin ii ii 3-heiit of formiition being 
400 kbbl/mol lower thbn for the bll-outsibe isomer [133b b oweverbb formbtion 
of suiih systems vib outsibe hybrogenbtion bnb subsequent isomerizbtion is 
hbmbereb by the high biirrier for the hybrogen benetrbtion from outsibe to in- 
sibe the u^q bbge whiiih is bblbulbteb to be bt leiist 2.7 eb /btom. bxhbustive hybro- 
genbtions of b^obvibbiriih-bbukel rebubtionsiitrbnsfer hybrogenbtionsbor bbtb- 
lytib hybrogenbtions lebb to mixtures of unstbbleb hbrbly uhbrbbterizbble 
bolyhybrofullerenes b^ob 2 n [3b bmong those b^ob 35 seems to be the most stbble 
but its strubture wiis not betermineb uniimbiguously [134- 13bb 

bhe bi- bnb some of the tetrb- bnb hexbhybribes on the other hbnb hbve been 
bombletely uhiirbbterizeb [139- 143b bheir synthesis wiis buhieveb either by 
hybrozirbonbtionbby hybroborbtion followeb by hybrolysis or by zinb/bbib 
rebubtion. bhe bbbition of one bbir of b -iitoms is blwiiys li 2 bnb obburs bt [ 6 i 6 b- 
sites bs shown for the synthesis of the bbrent li2-bihybro[60ifullerene (buheme 7). 




Fig. 13. uu 3 uiiliiiiluteu strubture of the iill outsibe isomer (bbb = 396.69 kbiil/mol) bnb the 
one insibe isomers (b b b = 329.49 kbiil/mol) of b^ob 50 



Principles of Fullerene Reactivity 



21 



iihe regiouhemistry of the formution of the tetru-[142uunii hexuhyiiriues [143ii 
is uisiiusseu in iieut. 3.2.2. 




Scheme 7. iiormution of li£-uihyuro[60ifullerene viii hyiirouorution 



3.1.4 

Transition Metai Compiex Formation 

iihe reiiutivity of ii^o uomuiiruule to thiit of eleiitron iiefiuient uonjugiiteii olefins 
is niiiely refleiiteii iiy reiiutions with triinsition metiil uomiilexes. ii viiriety of 
single urystiil structures iinii sueiitrosuouiu stuiiies show thiit the uomiilexiition 
of triinsition metiils to the fullerene Core CroCeeCs in C CihCCto miinner or Cs 
hyCrometClCtion reCCtions rCther thCn in or q^-uinuing moCe. Chis wiis 
elegiintly CemonstrCteC Cy the reCCtion of C^q with ruthenium Comdexes 
(Ciiieme C) [144C C viiriety of iriCium Comdexes (r]^-C6o)C:(CC )Cl(CC^C^C ^)2 
were synthesizeC Cy Cllowing C^q to reCCt with Cifferent CiiskC-tyCe Com- 
dexes ir(CC)Cl(CC^C^C ^)2 [145C r]^-Comdex formCtion wiis Clso oCserveC 
uCon reCCtion of C^q with other ir [146Ciis well Cs Ch [147C Comdexes. CyCro- 
metClliition wiis oCtiiineC with CC 2 Cr(C )Cl [HOC 






Scheme 8. uyuiiiul reuutivity of U6o towiirus triinsition metiil Comdex reiigents 
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3.1.5 

Oxidation and Reactions with Eiectrophiies 
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reiiiit with the soliii fullerene [ 1 55iil 56ii iii this wuy mixtures of iiolyfluorofuller- 
enes U 6 oU 2 n with n = e.g.iil5-22 were outuineii. ii uefineii regioisomer of 
wiis synthesizeii iiy the reiiution of soliii ii^o with fluorine giis in the iiresenue of 
iiiiu [157iius iinother exumiile for struiiturully uhuriiuterizeu fluoriueuugoiimwus 
outuineii iifter fluoriniition with ii 2 iitii 6 [15iiiil59ii higher iiegrees of fluorinii- 
tion were oiitiiineii iiy the reiiiition of iirefluoriniiteii fullerenes ii 6 oh 2 n with fluo- 
rine uniier simultiineous iiii riiiiiiition [160ii iiignifiiiiintlyiifluoriniiteii fuller- 
enes ii 6 oh 2 n iieyonii n = 30 were iilso formeii iiy this iireiiiiriition methoii. iihis 
hyiierfluoriniition requires the ruiiture of cr-iioniis of the fullerene friimework. 

ii iiolyuhloriniition of ii^o wiis iiiirrieii out iiy ullowing ii slow streiim of iihlor- 
ine giis to reiiiit with ii^o in ii hot iiliiss tuiie iit temiieriitures between 250 iinii 
400 °ii [161iior iiy the treiitment of soliii ii^o with liquiii iihlorine iit -35 °ii [162ii 
iihe iihlorofullerene ii6ohl6 (see iieiit. 3.2.4) iis iin isomeriiiully iiure single iiro- 
iiuiit wiis synthesizeii iiy the reiiiition of ii^o with iin exiiess of iii 1 in benzene or 
toluene bt bb [163b 

bhe trebtment of b^o with liquib bromine iifforbeb b -symmetribb 6 obr 24 ( ) 
iis yellow oriinge brystblline bombounb (big. 14) [164b brominbtion in bb 2 gbve 
bgoiiru ( ) iis bbrk brown brystbls in b0% yielb [165b bhe bromibe b^obr^biso- 
strubturbl to b6ohl6hwiis formeb by brominbtion in benzene or bbl 4 [165iil66b 

b review on hblogenbteb fullerenes wiis brovibeb by biiylor [167b b ere their 
broberties bre blso bombbreb bnb summbrizeb. bhe stbbility orber of the hblo- 
genofullerenes is bombiirbble to thbt generblly of other orgbnib hblibesbsinbe it 
inbreiises blong the seriesbiobo-<bromo-<uhlorofullerene(<fluorofullerene). 
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ii oweveruthe hulogeniiteu fullerenes lire signifiuiintly less stiiiile thiin other iilkyl 
hiiliiies (iinii iilso iiryl hiiliiies). iihe miiximum numiier of hiilogens (exuluiiing 
fluorine here) thiit iiun iie iittiiuheu to the iiuge viiries iiuibruing to the size of the 
hiilogen. iior urominiition it is 24uiinu in these uerurominiiteii iierivutivesuno 
hiilogen iitoms lire iiiijuiient; they lire never uloser thiin liB- to eiiiih other, iior 
uhloriniition the miiximum numiier is iiiiiiroximiitely 40. ii hiit is not known is 
the meiihiinism of iiiiiiitioniithough it is ii reiisoniiiile iissumiition thiit riiiiiiiiils 
iire involveii. 

iiersistent riiiiiiiiil iiiitions of ii^o hiive iieen oiiserveii in suiier iiiiiiiiiimeiiiiiifor 
exiimiile in miigiii iiiiiii (iiiiii 3 U iiiiiiu 5 ) [16iiii ii ultiiily iihiirgeii fullerene riiiiiiiiil 
iiiitions were iilso stiiiiilizeii in ii mixture of fuming sulfuriii iiiiiii iinii iiii 2 iilii iit 
low temiieriitures [ 169ii iihe reiiiition of ii^o with sulfuriii iiiiiii iinii nitriii iiiiiii iinii 
the subsequent hyiirolysis of the intermeiiiiites with iiqueous iiiise resulteii in the 
formiition of fullerenols [170iil71u 

iihe reiiiition of fullerenes with the iiewis iiiiiii iiii 3 were useii to synthesize 
hyiirogeniiteii fullerenes (iiiiheme 7). iilsoibther iiewis iiiiiiisiifor exiimiile iiliir 3 ii 
iiiiil 4 iiiiniil 4 iiiinii iieiil 3 iihiive iieen iilloweii to reiiiit with ii^o [172-174ii if these 
reiiiitions iire iiiirrieii out in iiii 2 iifullerene-iiewis iiiiiii iiomiilexes iireiiiiiitiite. 

iihe treiitment of ii^o in iiromiitiiihyiiroiiiiriions with iiewis iiiiiiisiisuuh iis iiliil 3 ii 
iiliir 3 iiiieiir 3 iiiieiil 3 iiii iiii I 3 iior iiiiiil 5 in hyiiroiiiiriions leiiiis to ii fulleryliition of 
iiromiitiiis. ih this iiiiseiithe iiewis iiiiiii serves iis ii iiiitiilyst iinii iniireiises the eleii- 
troiihiliiiity of the fullerene. ii ixtures of iiolyiiryliiteii fullerenes were oiitiiineii. 



3.2 

Regiochemistry of Multiple Additions 

iiystemiitiiiinvestigiitions on the regioseleiitivity of multiiile li 2 -iiiiiiitions [ 102 ii 
175- lii 6 iito fullerenes iire not only imiiortiint to reveiil intrinsiii uhemiiiiil iiro- 
iierties of these iiiiriion iiiiges - they iilso iiroviiie the iiiisis for the iiesign of 
highly symmetriiiiil iinii stereo uhemiiiiilly iiefineii oligoiiiiiiuiits. iihe multituiie 
of iiossiiile iiesthetiiiiilly iileiising iinii unique iiriihiteiitures in whiuh the fullerene 
iiore serves iis struiiture iietermining teuton is uniireiieiienteii in orgiiniii iihem- 
istry. iiontrolleii viiriiitions of the iiegree of iiiiiiition iinii the iiiiiiition iiiittern 
iillow uhiiriiiiteristiii tuning of the iihysiiiiil iiroiiertiesiiin iiiirtiiiuliir the eleiitro- 
niii iinii uhemiiiiil iiroiiertiesiiof fullerenes. ii hereiis for reversible bbbitions to 
the fullerene friimework the thermo by niimibiilly most stbble isomer biin be 
obtiiineb iis the only rebbtion brobubt whiuh wiis showniifor exiimbleiiwith the 
synthesis of bn obtiihebriilly iioorbinbteb h'Synimetribiil hexbblbtinum bom- 
blex [lb4iibmixtures of regioisomerib brobubts iire obtiiineb for irreversible 
kinetibiilly bontrolleb bbbition rebbtions. bhis biiriigrbbh fobuses on the most 
imbortiint tybes of multible bbbitions to the b^o bore lebbing to stbiileiiisolbiileb 
bnb uhiirbbterizbble brobubtsiiwhiuh iire iiyiiobrobiinbtionsbiminofullerene for- 
mbtionsbb iels-blber rebbtionsbrbbibbl bbbitionsbhiilogenbtionsbiiminiitionsb 
bnb iilkylbtions/iirylbtions. bhese rebbtions iire sorteb bbborbing to brototybes 
of bbbition mobes. iii orber to elbborbte iis fur iis bossible the inherent regio- 
selebtivity briniiibles of subsequent bbbitions the bonsiberiition of elegiint syn- 
thesis strbtegies like tether bontrolleb bbbitions iire neglebteb. 
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3.2.1 

Bond and Site Labeling in Fullerenes and Fullerene Adducts 

ii ost of the exoheiirul fullerene iierivutives of ureiiuriitive irniiortunue ure 
formeii iiy one or severiil formul liE-uiiuitions to [6i6i> or [5i6u-uoniis. iior iisui- 
tiiiile iiisuussion of the regiouhemistry of suuh fullerene iierivutives it is very 
vuluiiiile to intro iiuue ii simiile iinii iieiir site liiiieling systemuwhiiih iillows fiiuile 
iiesuriiition of the Constitution of ii given fullerene iieriviitive. ii e first intro- 
iiuueii iivery iiesuriiitive nomendiiture [177iiliiiiiifor the iissignment of the relii- 
tive iiositionul reliitionshiiis (like ii iinii in iienzene Chemistry) of 
CCCenC Ciirrying ConCs in C^o CerivCtives with iCCeling the CorresConCing ConCs 
Cs -n (n= l-3)Ce'Ce"C -n (n= 1-4) (Cig. 15). 

Chis nomendCture is inCreiisingly Ceing useC in fullerene literCture. C oweverC 
it CCn only Ce CCClieC to [6i6C-ConCs within C^Q-CerivCtives. CutiisinCeiifor ex- 
CmCleiithe regiouhemistry of multiCle [5i6C-CCCuCts of C^q CnC multiCle CCCuCts 
of higher fullerenes dreCCy stCrteC to CeveloCCwe dso intro CuCeC Cgenerd site 
ICCeling dgorithmCwhiuh CCn Ce CCClieC to [5i6C- CnC [6i6C-Cositions of dl 
fullerenes CnC their CerivCtives [1C9C 

Che CCsis for the dgorithm is the Contiguous numCering suheme of the 
C-Ctoms of C given fullerene in CsCird fCshionCwhiuh is useC for the logic struc- 
ture Cssignment of Cny fullerene CCCuCt [3C CuitCCle two-Cimensiond reCres- 
entCtions of the C-Ctom numCering Cre CroviCeC in the Cuhlegel CiCgrCm of the 
fullerene. Che sCird numCering guCrCntees to Cefine Criority orCers of C-Ctoms 
CnC C-C -sites within the fullerene frCmeworkCwhiuh is CneCessCry requirement 
for Cn unCmCiguous structure Cssignment of C fullerene CerivCtive. Che dgo- 
rithm CCn Ce useC for ConC ICCeling in CCrent fullerenes CnC ConC or site ICCel- 
ing in fullerene CerivCtives CnC ICCeling sets of C-Ctoms in fullerenes CnC their 
CerivCtives. 

ui CCrent fullerenes not every inCiviCud ConC CutCrCtherCsets of ConCs Cre 
iCCeleC. Cets of ConCs Cre ConCs with iCentiCd geometriCd environment. CCuh 
ConC of C given set CCn Ce trCnsferreC into Cny other ConC of this set using sui- 
tCCle symmetry oCerCtions. iii fullerene CCCuCtsdn CCCitionCreferenCe sites Cs 
well Cs further Criority orCers neeC to Ce CefineC. Cor Cetdls of the ConC ICCel- 
ing dgorithm see [1C9C 




Fig. 15. uelutive uositiond relutionshius of [6i6ii-uonus in uugo uerivutive 
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3.2.1. 1 

Parent Fullerenes 

iihe vurious sets of [6i6u-uonus ure liiueleii in ueureiising oriier of iiriority iis iii 
iiiiim... unii the [5i6u-uoniis iis uiiuuu etii iihe definition of ii iiriority oriier is 
iiiiseii on the nomeniiliiture rule of the lowest set of loiiiints. 

3.2.1. 2 

Fullerene Derivatives 

ih fullerene iieriviitives refereniie sites hiive to iie iiefineii in oriier to iissign 
uniimiiiguously eiiiih site of the fullerene friimework of iiiiiiuiitsiiwhiuh in turn 
iillows one to siieiiify iiiiiiition iiiitternsiiiiositionul reliitionshiiis of iiiiiieniisiiiis 
well iis the iiiisolute uonfiguriition of iin iiiiiiuiit. iill iiiiiiuiits of ii given fullerene 
iiiin iie iiesiiriiieii with the siime liiiieling siiheme. iihe first steii in the site liiiie- 
ling iiroiiess is the definition of the refereniie sitedwhiuh is the site of highest 
driority. dhe highest driority site hds the lodiint set li2. dhis site is Iddeled iis 
d([6i6ii-dond) or iis d ([5i6ii-dond) dnd distinguished from the other sites of this 
set of the ddrent fullerenedwhiuh dreiiks the symmetry dt leiist to d 2 v iihe re- 
mdining sets of [5i6ii- dnd [6i6ii-sites dre then Iddeled iis desdrided for the 
ddrent fullerenes. dhe result diin de “stored” for exdmdle in d duhlegel didgriim 
dnd used for the iissignment of sites in dny derivdtive of d given fullerene. dhe 
Iddeling siiheme for d^o derivdtives is redresented in digs. 16 dnd 17. dhe driority 




Fig. 16 . iiuueling of [6i6u-iionus within ii^o iieriviitives 




Fig. 17 . iiiiiieling of [5i6ii-iioniis within ii^o iieriviitives 
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3.2.1. 3 

Assignment of the Constitution and Configuration of a Fuiierene Derivative 
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Fig. 18. 




3.2.2 

1.2 Additions with Preferred e- and cis-1 Modes: The trans-1 Effect 
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Scheme 9. 
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Fig. 20 a, b. iidiitive yieliis of the isoliiteii regioisomenii uisiiuiiuuts ofu U62(uuii 111)4; 
U6i(iiu ii iit)2(u iiii ii iit) 



Table 4. iieliitive stiiiiilities (iiii luuii) kiiiil/mol of the iiossiiile regioisomers of iiis-iiiiiiuiits 
with two iiientiiiiil iinii two iiifferent iiiiiieniis [102ii 



iiositioniil ii62(iiii iiii 6)4 ii62(iihenyl)2 ii^oCii iiii iiii 6)2 iigiCiiiiiiii e)2(ii iiii iiii e) 
reliitionshiii 





0.2 


0.2 


4.4 


1.3 




0.2 


0.3 


4.5 


1.2 
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0.1 


0.2 


4.3 


1.1 




0.0 


0.1 


4.4 


1.1 




0.0^ 
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4.2^ 


O.ii^ 




0.0^ 


0 
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4.2^ 


O.ii^ 


3 


1.3 


2.3 


5.9 


3.7 




l.ii 


3.3 


6.7 


3.ii 




17.7 


24.9 


0.0 


0.0 



^ iinii ^^-isomers iire iiientiiiiil. 

^ ^-isomer referreii to ii6i(iiii ii iit)2 iis iireiiursor moleiiule. 
^ ^^-isomer referreii to ii6i(iiii ii iit)2 iis iireiiursor moleiiule. 



iiwo imuortiint results iirise from these uiiluulutionsu(l) in iiis-uuuuuts with 
two uiiilkoxyuiiruonylmethylene or iiiiirylmethylene grouiis the -l-iiiiuuuts 
iire iionsiueruuly less stiiiile thiin the other isomersiiwhiuh exhiiiit very similiir 
iiii 1 heiits of formiitioniiiinii (2) in iiis-iiiiiiuiits with iit leiist one imino uuiienii 
the - 1 -isomers iire not uestuiiilizeii uomiiiireii to the others; the - 1 - iinii to ii 
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minor extent the -isomers ure slightly more unii the -2- irnii -3-isomers 

slightly less stiiule thiin the iiveruge. iii iill iiuses the -isomers iilwuys hiive 

iiuout the siune uuliiuluteu heiit of formiition. iis iiun tie seen from suiiue filling 
moiielsuthe instiimlity of ii -1 -isomer like -1-U62(toisyl)4 (iiuheme 9) is iiue 
to the uronounueii steriiiul reiiulsion of the iiiiuenus leiiiiing to uonsiiieruule 
iieformutions of tyuiiiul iionii tingles, ii n the other hiinii ii striiin free situiition is 
iiroviiieii if iit leiist one imino iiiiiienii is iiresentiisiniie in low energy invertomers 
unfiivoriiiile interiiiitions between the iiiiiieniis tire iivoiiieii. 

iiniilogous iiehiivior wiis oiiserveii for the viirious regioisomers of 050^4 
[142iiiwhereiiexiieiit for eiiliiising ii -interiiiitionsiino iiiiiiitioniil striiin iiue to the 
iiiiiieniis is iiresent. iihe uorresiioniiing - 1 -iiiiiiuiit is the miijor iiroiiuiit for- 
meii iiy ii two-folii hyiiroiioriition followeii iiy hyiirolysis. iiii 1 -iiiiliiuliitions 
iireiiiiit the -isomers to tie somewhiit less stiiiile thiin the - iinii e-isomers, 
ii iiiioriiing to iiii initio iiiiliiuliitions (ii ii/3 - 2 1 ii ) the - 1 - followeii iiy the e-iso- 

mer is the most stiiiile. 

ih oriier to eviiluiite the influeniie of the geometriii iinii eleiitroniii iiroiierties 
of the eiiuiits on the oiiserveii iiroiiuiit iiistriiiutions ii viiriety of exiierimentul 
iinii iiuliiuliiteii monoiiiiiiuiit struiitures were iinulyzeii (iiig. 21iiiiiiiile 5). iior 
exiimiileuiis iiiin iie seen from the ii -ruy urystul struiiture of the uveriige vulues 
of the [5i6u-iioniis iire 1.451 A iinii those of the [ 6 i 6 u-iioniis exiiuiiing the uyiio- 
iiroiiiiniiteii [ 6 i 6 u-iionii between b-1 bnb b-2 1.3bb A [102b bhis uleiirly shows 
thbt the [5brbbiblene-tybe strubture of the fullerene bbge is breserveb. 




bs biin be seen from bbble 5 the -1 bnb the e"-bonbs iire the shortestbblmost 
inbebenbent of the nbture of the bbbenb. bs b bonsequenbebthe bibmeters of the 
biirbon bbge berbenbibuliir bnb biirbllel to the iiyulobrobiine ring biffer by 0.17 A 
bnb the sbhere is flbtteneb blong the bxis b_L berbenbibuliir to the iiyulobro- 
biinbteb bouble bonb. bhe most bronounbeb elongbtion bombbreb to free b^o is 
observeb blong the bxis lebbing through the boles (buoi). bhis slight but signifi- 
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Fig. 21. ii-riiy struiiture of 



Table 5. uomuiirutive [6i6u-iionu length in A (meiin viilues) of the ii^o monoiiuuuuts iieter- 
mineii iiy ii-riiy urystullogruiihy [102ii 



iionii tyiie 


ii(iinisyl )2 


ii6i(iiiiiiiit)2 [25ii 




0 




1.401 


1.3ii4 


1.3ii5 


1.3iil 




1.3iiii^ 


1.391^ 


1.392^ 


1.3ii9^ 


3 


1.399^ 


1.395^ 


1.393^ 


1.399^ 




1.3iiii^ 


1.3ii6^ 


1.391^ 


1.391^ 




1.396^ 


1.394^ 


1.394^ 


1.3ii5^ 




1.362^ 


1.3ii4^ 


1.379^ 


1.379^ 


3 


1.394^ 


1.3ii9^ 


1.391^ 


1.39ii^ 




1.390^ 


1.406^ 


1.393^ 


1.390^ 




1.377^ 


1.379^ 


1.37ii^ 


1.367^ 


ii(l)-ii(2) 


1.625 


1.606 


1.574 


1.5ii6 



^ ii eiin viilue out of four iionii lengths. 
^ ii eiin viilue out of two iionii lengths. 
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Fig. 23. iiii 1 uiiluuluteu [6i5u-uonii lengths iiistortions in iim in liE-monoiiuuuuts. iihe iiistortions lire reliitive to the uiiluul- 
iiteii lengths of the [6i5u-uoniis of free ii^o 
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oriiitulsuwhiuh ure orienteii uerueniimulur to eiiuh othemuorreliites with the 
iiii ii ii + 2. ii ue to the ueruenuiiiulur orientiition of the oriiituls in the iiu ii ii 
unii iiiiu ii+1 there ure no uoeffiiiients in -1 iiut ureferiiiily in the -Posi- 
tions ( -1 effeut). ill the uuu u uronounueu uoeffiiiients iire iilso founu in 

-3iinu -2 sites, u nly in the uu u u -1-2 iilso the -1-u -4-iinu -3- 
uonus exhiuit enhiiniieu uoeffiiiients. 

ulthough the uistriuution of the oruitiil uoeffiiiients in the uuu us is in- 
ueuenuent of the uhiiruuteristiu uistortion of u monouuuuututhe uiffereniies in 
[6i6ii-uonu lengths iire influeniieu uy the u uu u uoeffiiiients siniie the shortest 
[6i6ii-uonus iire those with the highest uoeffiiiients in the uuu u. uronouniieu 
uonuing interuutions ut uuinuing site in generiil uiiuse u iiontruution of the uonu 
length, uhe fuut the -1 uonu is shorter thiin the e" uonu iilthough the uoeffi- 
iiients in the u u u u iire uomuiiruule iioulu ue uue to the removiil of iiyuliu ibn- 
jugution within the six-memuereu ring involving the -1 uonus. 

ih uonulusioniithe tyuiuiil urouuut uistriuutions of two-folu uuuition to [6i6ii- 
uonusuesueiiiiilly the ureferreu uttuuks in - for steriuiilly uemiinuing iinu - iinu 
-1 sites for steriuiilly less uemiinuing uuuenusu ibrrelute with enhiiniieu 
frontier oruitiil uoeffiiiients. uhe urefereniie of -1 uttuuks within the series 
U6i(uu u ut) 2 (u uu u ut) inuiuute thut not only the nitrene uuuitions uut iilso the 
iiyiilourouiiniitions shoulu ue miiinly uuu u-u^q iiontrolleu. iii this uiiseuthe 
iiyiilourouiinution viu miilonutes woulu ue uue to uuuition or iiiiruenes. if it 
woulu ue uue to iin initiiil nuuleouhiliu uttuukuthen the ureferreu formution of 
-uuuuuts woulu iilso ue refleuteu uy the iioeffiiiients of the uu u u iinu 
uuu u -H 1. uor the exuliinution of the uronouniieu formiition of -1 uuuuuts 
however uuuitioniil fuutors hiive then to ue iionsiuereu whiuh iioulu ue thermo- 
uyniimiu iirguments siniie in the uiise of steriuiilly non-uemiinuing uuuenus the 
-1 uuuuuts followeu uy the -uuuuuts iire the most stuiile. unother uriving 
foriie ibulu ue simuly uue to the fuut thut the -1 uonus iire the shortest hiiving 
the most uouule uonu uhiiruuter. uhe extenu of uyriimiuiiliziition (uurvuture) ut 
u given siteuwhiuh is u ureuominiint fuutor governing the ureferreu uttuukiifor 
exiimule to Uyo ([6i6ii-uonus ut the uoles)uuoes not uliiy urole for these suiiiies- 
sive uuuitions to u^o- Phis Pun Pe uleiirly seen from the fPPt thPt the rePPtive 
-1 sites iire the leiist PyriimiPiilizeP in Pmono-PPPuPt. 

Pmong the PisPPPuPts series rePresenteP in Pig. 19 the -1 PPPuPts of 
p6o(P PP P P )2 stiinP out siniie they represent the first exiimPles of [6i6ii- PPPuPts 
with open triinsiinnuliir [6i6ii-PonPs (Pig. 26) [124P PhiirPPteristiP fePtures 
within the fullerene friimework of these viileniie isomers iire the PresenPe of (i) 
PPouPly PriPgeP 14-memPereP ring with P Pheniinthrene Perimeter PnP (ii) iin 
eight-memPereP lii-PiPzoPine heteroiiyule. PPon uhiinging the PPPition 
PPtterniiPs PemonstrPteP Py the investigPtion of the other PossiPle regioisomers 
of p 6 o(PPPPP) 2 h“reguliir” Pehiivior with iioseP triinsiinnuliir [6i6ii-PonPs is 
oPserveP. Phe fullerene PPge Pun Pe reiioseP iigPin viPPn intrP-ring P iels-PlPer 
rePPtion Py triinsferring -l-p 6 o(PPPPt-Pu )2 into -l-p6o(PP )2 hs uluster 
iioseP viileniie isomer. Phe iPtter Phenomenon uleiirly PemonstrPtes the role of 
the PPPenP. P n extensive P P 1 PnP P PP stuPy reveiileP thPt only in -1 PPPuPts 
thPt Prefer Pliiniir imino PriPges (e.g.iiPiirPiimPtes or iimiPes) iire the open forms 
more stPPle thiin the iioseP forms. Phese iire the first uhemiPiil moPifiPPtions 
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Fig. 26 a, b. iiiilenue isomers of -1 uisimino[60ifullerenes withii iiioseu; oiien triinsunnu- 
liir [6i6u-uoniis 



of the fullerene uoreiiwhiuh iillow the synthesis of oiien iis well iis iioseii 
villenue isomers with the siime uiiuition uiittern. iihe following uoniilusions uiin 
lie iieuuueii. 

1 . ii ith the exiieiition of ii -1 iiiiiiuiitiiwhereuiion the two-folii ring oiiening 

iiue to the loiiiition of the imino iiriiiges in the siime six-memiiereii ring 
require only three [5i6u-iiouiile iioniis to iie introiiuiieiiusix of these energeti- 
iiully unfuvoriiiile iioniis woulii iie requireii for the hyiiothetiiiul oiien struc- 
tures of the other seven regioisomers ( -1 to - 2 ). ih the liitter regio- 

isomers the triinsiinnuliir [ 6 i 6 u-iioniis iire iilwiiys doseii. 

2 . ih ii - 1 iiiiiiuiit ii doseii vdeniie isomer iieiirs ii striiineii iiliiniir iiydohexene 
ring iiut the intro iiuiition of iin unfuvoriiiile [5i6u-iiouiile iioniis is uvoiiieiiii 
whereiis in iin oiien vdeniie isomer no strdneii iiliiniir iiydohexene iiut three 
[5i6u-iiouiile iioniis iire iiresent. 

3. iior the -1 iiiiiiuiits oiien vdeniie isomers iire fiivoreii for imino iiiiiieniis 
with iiliiniir imino iiriiiges like iiiiriiiimiites iinii the doseii isomers iire fiivor- 
eii for imino iiiiiieniis with iiyriimiiidizeii imino iiriiiges like dkylimines or 
iiii . 

4. iiiiriiiimiites or iimiiies iirefer iiliiniir iirriingements of the nitrogen iiue to 
resulting fiivoriiiile uonjugiition of the free electron Cdr with the CiirConyl 
grouC. Chis hCs Consequences for imino [60CfullerenesCsinCe the Cliiniir Cr- 
riingement of the CCrCiimCte C -Ctoms CnC the requireC enlCrgement of the 
ConC iingles Cetween C-lCiCi-2 or C-3CiCi-4 iire most fCvorCCly redizeC if 
the triinsiinnuliir [ 6 i 6 C-ConCs iire oCen. 

Cs iin exiimCle for regioseleCtivity investigCtions on multiCle CCCitions to C^qC 
three- to six-folC CydoCroCiinCtions with Ciethyl CromomdonCte iire now Cis- 
CusseC iis moCel Ciises [17CiiC9C Csing this CydoCroCiinCtion next to the seven 
CisCCCuCts Cliirge vCriety of tris- uC to hexCkisCCCuCts of C^q were isolCteC CnC 
ComCletely uhiirCCterizeC. Cmong those CCCuCts iire the exiimCles shown in 
Cig. 27. CCuh ComCounC wiis synthesizeC from its CireCt CreCursor CCCuCt. 

Che CydoCroCiinCtion of the CleC- CnC iiiiid -CisCCCuCts CnC CroCeeCs 
with iin even more CronounCeC regioseleCtivity thCn thCt of . CydoCroCiinC- 
tion of yielCs 40% of the 3 -symmetriCd CC CC iii-trisCCuCt with dl 
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e- irnii -3 uositionsiiesueuiully in the iieiieiii-sitesuwhiuh uorroiiorutes the 
iireferreu formiition of from (iiig. 2 ii). iinhimueu uoeffiuients in the 
ueiiuif -site ure iiresent only in the ii ii ii ii -1 iinii the iiii ii ii -H 1 . iihis iiiiuounts 
for the formiition of out of in only 9% reliitive yielii. iis for the monoiiii- 
iiuiit the iiii 1 oiitimizeii moleiiuliir structure of iieu-ii 62 ii 4 exhiiiits the signi- 
fiiiiintly shortest [ 6 i 6 u-iiouiile iioniisiiwith iin iiveriige length of 1.377 A in 
1 -Positions reliitive to the two iiiiiieniis. ii ext to these the shortest iiouiile iioniis 
iire those in the iieiieuu-sitesuwith iin iiveriige length of 1.3ii4 A. 

ii ii iiuliiuliitions of the moiiel ibrniiouniis uuif-ii 62 ii 4 unii iiui*-ii 62 ii 4 ibr- 
roiioriite the fiiiiile formiition of from iinii of from iinii 0 iis oriiitul- 
iilloweii iirouessesiresiieiitively. ii ii^oii 6 isomer with the siime iill -3 iiuif im^ 
iiiiiiition iiiittern wiis founii iis the iireferreii iiiiiiuiit uiion the hexiihyiirogenii- 
tion of iigo viiiiin-iiu iiuiii reiiuiition [142ii 

iiurther uyiioiiroiiiiniition of the trisiiiiiiuiit iiroibeiis with high regioseleii- 

tivity with formiition of only two tetrukisiiiiiiuiits ii 64 (iiiiiiiit)u in the riitio of 
1 u2. iihe first iiroiiuiit is -symmetriiiiil iinii iiiinnot iie uhiiriiiiterizeii uniimiii- 
guously; the seibnii iiroiiuiit is the -symmetriiiul iieiieuieuu-tetrukisiiiiiiui^^ ii 
whiiih is formeii iireiiominiintly in ii reliitive yielii of 64%. iihe iireiiursor moiiel 
uieuieui>ii 63 ii ^ of iigiiin hiis iironounibii oriiitul ibeffiuients in the remiiining 
- iiositionsuibnsiiiering thiit most of the other sites with enhiinibii ibeffiuients 
iire uniiroiiuiitive Positions (iiig. 29). iittiiuk iit either of the remiiining -Posi- 
tions of leuus to 





HOMO 




Fig. 28. iirontier oruitiils of uEiiuisiiuuuuts 






Fig. 29. iirontier oruitiils of iiieuciiitrisiiiiiiuiits 
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uhermoiiynumiuikguments inureusingly guin imiiortunue for the regioseleii- 
tivity of subsequent uiiuitions iis the number of the bbbenbs blrebby bounb 
inbrebses. b exbbbbubt is stbbilizeb by bt lebst 5 kbbl/mol bombbreb to bll the 
other 43 regioisomerib hexbkisbbbubts whiuh bun be formeb from without 
intro bubing unfbvorbble -1 bbbitions [lb9b bhis borresbonbs with the rebu- 

beb rebbtivity of the higher bbbubts towbrbs biethyl bromomblonbte. bhe byulo- 
brobbnbtion of requires b rebbtion time of four bbys to obtbin suffibient bm- 
ounts of brobubtsbbombbreb to the formbtion of bnb requiring only b few 
hours, bs b bonsequenbe of the bebrebse of the rebbtion rbte with bn inbrebsing 
number of bbbenbs bounb to the fullerene borebthe formbtion of the sym- 
metribbl biebiebiebuiebuiif-hex^^ with obtbhebrbl bbbition bbttern 

requires bn exbess of 12 equivblents of biethyl bromomblonbte bnb b rebbtion 
time of seven bbys in orber to obtbin bbbebtbble yielbs. b ue to the low rebbtion 
rbte it bun be bssumeb thbt the rebbtion bfforbing is bontrolleb thermoby- 
nbmibblly bs well. 

bhe single brystbl strubture of bonfirms bombutbtionbl results, bery rembrk- 
bble is the bonbing in the rembining n-elebtron system whiuh is bnew tybe of bn 
oligobyulobhbne (big. 32). bhe blternbtion of bonb lengths between [6i6b- bnb 
[5i6b-bonbs within the benzenoib rings is rebubeb by hblf to bbbroximbtely 
0.03 A bombbreb to the bbrent b^o- belbtive to solutions of b^o (burble) or its 
bbbubts bgi(bb b bt )2 to bg 5 (bb b bt)io (reb to orbnge) the light yellow solutions 
of show only webk bbsorbtions in the visible region of the sbebtrum. b exb- 
bbbubts with other bbbenbs bnb mixeb bbbubts hbve similbr obtibbl broberties. 

iii bll bblbulbteb strubtures of the mobel bombounbs bebibteb in big. 27 the 
[6i6b-bouble bonbs in -1 bositions relbtive to the bbbenbs blrebby bounb bre 
the signifibbntly shortest bnb hbve b length of bbout 1.375 A. bhe bverbge bonb 
length of the other [6i6b-bouble bonbs is bbout 1.3b6 A. bhe bblbulbteb bifferen- 
be between the Ibtter is bombbrbtively smbll in most bbses. bhe broboseb bbbi- 
tionbl shortening of the - 1 bonbs bue to the removbl of elebtron belobblisbtion 

within the six-membereb ring is borroborbteb by bn elongbtion of the b b 1 -bbl- 




A = C(COOEt)^ 



Fig. 32. uuhemiitiuof uhiirbiiteristiu uonu lengths iinu of the remiiining uenzenoiu /r-eleiitron 
system of 



Principles of Fullerene Reactivity 



43 



liuliiteu [5i6u-iionus within the six-memuereii ring, m the ii-uoniis hiive ii 
length of 1.50 A unii the ii-iionus ii length of 1.4u A; the uorresuoniiing vulues for 
iigo iire 1.46 A. ii eniieuthe iionii length iilterniition between [6i6u-“iiouiile iioniis” 
iinii [5i6i>“single iioniis”iiwhiuh is ulreiiiiy iiresent in ii6ohis uonsiiieriiiily en- 
hiinueii in iiiiiienii iiiirrying six-memiiereii rings of [6i6u-iiiiiiuiits. 



3.2.3 

The Vinylamine Mode 



iihe introiiuiition of two [5i6u-iizii iiriiiges shows ii remiirkiiiile regioseleiitivity 
even if segregiiteii iilkyliiziiies iire useii [125ii iihe iiisiminofullerenes 0 
(iiuheme 10) iire iiy fur the miijor iiroiiuiits iinii only triiues of one other iiisiiii- 
iiuiit with uniiientifieii struiiture iire founiiuifufor exiimiile ii two-folii exiiess of 
iiziiie is ulloweii to reiiiit with ii^o iit eleviiteii temiieriitures [125ii iio oiitiiin iiues 
on the meuhiinism of this most regioseleiitive iiisiiiiiiuiit formiition iirouess in 
fullerene uhemistry ii ibnuentriiteii solution of iin iiziifulleroiii iireiiursor wiis 
treiiteii with iin iilkyl iiziiie iit room temiieriiture. 

iiniier these uoniiitions only one mixeii [6i6u-triiizoline-[5i6u-iminofullerene 
isomer wiis formeii whiuh is exiiliiineii iiy the fiiiit thiit iiehuves iis ii striii- 
neii eleiitron-iioor vinyliimine. iihe signifiiiiintly highest ii ulliken uhiirge of 0.06 
(iiii 1) is loiiiiteii iit ii-1 iinii ii-6uunii the lowest of -0.07 iit ii-2 iinii ii-5 (iiig. 33). 
iihe most negiitively iioliirizeii ii-iitom of the iiziiie (iiii 1) is thiit iieiiring ii. 
ii kinetiiiully uontrolleii iittiiuk of the iiziiieuthereforeileiiiis iireiiominiintly to 




Scheme 10. iiegioseleiitive formiition of iiisiizufulleroiu 0 




-0.02 -0.28 

N— N— N 

0.23 I 



Fig. 33. iiii 1 ii ulliken iihiirges neiir the imino iiriiige of iinii in ii 3 ii (ii = iiii 2 iiii ii ii e) 
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iihe further ring exiiunueii iiouiily uriiigeu uisiminofullerenes 0 exhiiiit 
three seven-memiiereu rings irnii one eleven-memuereii ring within the fuller- 
ene huge, line ii-iitom is ulreiiiiy hulfwiiy iieuouuleu from the suheriuul uiiriion 
uore. iihe iironounueii reliitive reiiiitivity of the vinyliimine tyiie iiouiile iioniis 
within [5i6u-uriiigeu iminofullerenes wiis iilso uemonstriiteii iiy the fiiuile iiuui- 
tion of milii nuuleouhile suiih iis wiiter iinii iimines. iior exiimuleiithe first stiiiile 
fullerenol wiis synthesizeii iiy treiitment of ii toluene solution of in the iire- 
seniie of wiiter iinii neutriil iiluminii iinii iin iilmost quiintitiitive reiiiition. iihis 
finiiing thiit the reiiiitivity of the vinyliimine tyiie [6i6ii- iiouiile iioniis in is 
iiriimiitiiiully enhiiniieii over the remiiining [6i6u-iioniis turneii out to iie ii key 
for further iiuster oiiening reiiiitions iinii the formiition of nitrogen hetero- 
fullerenes. iiuiisequent iittiiuks to [6i6u-iioniis within [6i6u-iiiiiiuiits iinii iilso to 
[6i6ii- iioniis within the [5i6ii-iiriiigeii methiinofullerenes iire iiy fur less regio- 
seleiitive [3i4ii 

iiis-[5i6ii-iiriiigeii iminofullerenes with iinother iiiiiiition iiiittern iiiin only iie 
oiitiiineii in gooii yieliis if ii tether iiireiiteii synthesis is iiiiiilieii. if the tether 
between two iiziiie grouiis is rigiii enough thiin the seiionii iiiiiiition is forueii to 
oiiiiur iit siieiiifiii regions of the fullerene iiiige [12iiii 



3.2.4 

The Cyclopentadiene Mode 

ii iion the reiiiition of ii^o with ii given exiiess of free riiiiiiiuls [97iPiiuuiimines [63iii 
ioiiine iihloriiie [166iior bromine [165busbebifiborgbnobobber [74biinb orgbno- 
lithium rebgents [73b the formiition of substituteb li4iilii4ii5iB0-hexbhybro- 
[60bfullerenes is the brebominiint or blmost exiiusive brobess (big. 34). iii these 
hexb- or bentbbbbubts of b^o the bbbenbs iire bounb in five subbessive lii- bnb 
one li2-bositions. bhe borresbonbing borbnnulene substrubture of the fullerene 
bore bontbins iin integrbl iiyulobentbbiene moiety whose two [5i6b-bouble bonbs 
iire beboubleb from the remiiining bonjugbteb n-elebtron system of the b^o bore. 




Fig. 34a, b. uuhemiitiu reuresentiition ofu the uu struiiture of Ii4blb4b5i30-hexiihyuro- 
[60ifullerenes; suuiie filling mouel of the hexuuhloro ueriviitive 
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iihis uhuriiuteristiii structure tyiie is ibmiiletely iiifferent from those iiolyuii- 
iiuiits of ii^o uesuriueii in the iireueuing uurugriiuhs. iii rniiny iiuses the uetuileii 
meuhimisms of these uolyiiuuuut formiitions remuin unuleuniulthough it iiun tie 
iissumeii thiit sequential uiiuitions of riimiiuls or nuiieouhiles like the iiuurute 
uh2iiu" lire involveu. 

iiiiluuule insight of multiule iiuiiitions of free riiuiuiils uiime from the iiiiu 
sueutrosuoiiiu investigiitions of iienzyl ruuiuiilstf^u-liiueleu iit the iienzyliu Posi- 
tions [ 97 ii 9 uu uhese ruuiuiils uiin ue ureuiireu in situ uy Photolysis of sPturPteP 
solutions of p6o in iPPeleP toluene PontPining PPout 5 % Pi- -Putyl PeroxiPe. 
PherePyPthe Photo uhemiPPlly generPteP -Putoxy rPPiPPls rePPily PPstrPPt P 

PenzyliP hyprogen Ptom from the toluene. Pwo rPPiPPl sPePies with P Pifferent 
miProwPve Power sPturPtion PehPvior Pun Pe oPserveP. P ne rPPiPPl sPePies Pun 
Pe PttriPuteP to Pn PllyliP rPPiPPl PnP the other to P PyuloPentPPienyl rPPiPPl 
formeP Py the PPPition to three PnP five PPjPPent [ 5 PrPPiPlene PouPle PonPsP 
resPePtively (Puheme 1 1 ). ui these experiments no eviPenPe for the rPPiPPl is 
founPPwhiuh is very likely P short-liveP sPePies. 

Phe PPP sPePtrP of PnP Po not ProviPe informPtion on whether or not 
the PorresPonPing rPPiPPl sPePies PPrry Pn even numPer of Penzyl groups 
PttPuheP elsewhere on the surfPPe of the P^q molePule. Pooking Pt the high rePP- 
tivity of rPPiPiils towPrPs p6ohit is very unlikely thPt only single rPPiPPl PPPuPtsP 
suuh Ps P3P60 or p5p6oPPi*e resPonsiPle for the oPserveP PPP sPePtrP. Put very 
imPortPnt informPtion PPout the elePtroniPPnP uhemiPPl Properties of PPorPn- 
nulene suPstruPture Pre extrPPtPPle from these experiments. Phe orPitPls with P 




Scheme 11 . uuiiuessive uuuition of steriuiilly uemimuing ruuiuiils to u^o - the iiyulouentuuiene 
moue 
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siiin iiensity in muiiiul siieuies ibntuining ii moiety lire highly iiegeneriite iiue 

to the loiiul five-folii symmetry, iihe formiition of siieuies iinii from ii^o iiro- 
iieeiis iiy initiiil iiiiiiition of one iienzyl riiiiiiiul leiiiiing to the monoiiiiiiuiit . iihe 
uniiiiireii siiin in this riiiiiiiul is mostly loiiulizeii on iiiiriion 2ii(4iil) iinii (6i9) 
(iiig. 11). iihis eleiitroniii loiiuliziition iis well iis the steriii requirement of the 
iienzyl grouii will iiireiit ii seibnii iittiiuk iiiiuomiiiinieii with ii riiiiiiiul reuomiiinii- 
tion to iiosition 4 or 1 1 . ii thirii iittiiuk to the iiiiimiignetiii iiiin oiiiiur iinywhere 
on the fullerene surfiiiie. ii oweveriiuiion the formiition of the unfiivoriiiile 
[5i6u-iiouiile iionii in iiisiiiiiieiirs iinii ii resoniinue stiiiiilizeii iillyl riiiiiiiul is 
formeii. iiignifiiiiintlyiithe formiition of the intermeiiiiite is iilso iin oriiitiil ibn- 
trolleii iirouessiisinue high ii ii ii ii ibeffiiiients iire loiiiiteii in the y Positions 
whose iittiiuk leiiiis to iiiiiiuiits like iinii uresiieiitively. ii oreoverusemiemiii- 
riiiiil iiuliiuliitions on two different iiiiiiuiits ii 3 ii 6 oii unii iishow thiit iiin 
whiiih the three grouiis iire iill iiiiiieii in iiiijiiibnt lii-iiositionsiiis iiiiout 
ii.5 kiiul/mol lower in energy thiin iiwhere the grouiis iire iiiiiieii in non-iiiijii- 
ibnt Positions. 



H 




ii riiiiiiiul ii 3 ii ‘ 6 ouin whiiih ii thirii iittiiuk oiiiiur reii fur iiwiiy from the grouiis 
iilreiiiiy iittiiiiheii in ^ 50^2 ( )uwoulii iie very unstiiiile iiue to ii fiiiiile formiition 
of ii iiiiimiignetiii ii 6 oii 4 iiwhiuh is not iieteiitiiiile in the iiiiii siieiitru. iinother 
reiison for the stiiiiility of is the steriii iiroteiition iiroviiieii iiy the three 
iittiiuheii iienzyl grouiis. iihe riiiiiiiul reibmiiiniition of with ii iienzyl riiiiiiiul 
leiiiis to for the siime reiisons for whiiih is formeii from . iihe stiiiiility of 
is restriiiteii iiue to the two unfiivoriiiile [5i6u-iiouiile iioniisiiwhiiih iiireiits 
iinother iittiiuk to form the resoniinue stiiiiilizeii 

ii stiiiile reiiresentiitive of iin intermeiiiiite wiis oiitiiineii iiy iiomiitsu et iil. 
[73iiuiion the reiiiition of ii^o with iiotiissium fluoreniiie in the iiresenib of neu- 
triil fluorene without rigorous exiilusion of iiir in 40% yielii (iiiiheme 12). 

iihe single-iirystiil structure of iieiirly refleiits the iiresenib of the integriil 
fulvene-tyiie n-system on the siiheriiiiil surfiiib. iihe iiveriige iionii length for the 
[5i6ii-iionii between iil-ii2 iinii ii3-ii4 is 1.375 A iinii therefore ibnsiiieriiiily 
shorter iis iityiiiiiiil [5i6ii-iionii in ii^o- ib ibntriistiithe iionii between b2 bnb b3 
(1.4bb A) exhibits bbrominent elongbtion. bhe bonb length of the fulvene b5-b6 
bonb (1.350 A) is the shortest reborteb for b^o berivbtives. bhis tenbenby for the 
bonbs to iilternbte in length is ibmbiirbble to thbt observeb in fulvene berivb- 
tives. bhe tybibiil fulvene rebbtivity towiirbs nuuleobhiles wiis bemonstrbteb 
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with the reiiiition of with 1 -outynyllithium. lifter quenuhing with iiuiu 
hexuiiiiuuut the iiyiilouentuuiene uuiiition uiittern wiis outiiineii. iihe reiiiition 
intermeiiiute is the iiyiilouentuuieniue 0 (iiiiheme 12 ). iihe results of this iieiiuti- 
ful iireiiiiriitive fullerene uhemistry suiiiiort the eiirlier iiiiii investigiitions 
(iiiiheme 11 ). 

ii iientuhiiiitofullerene metiil iiomiilex wiis oiitiiineii uiion the reiiiition of 
the hexiiiiiiiiuiit with iilii iit iiemonstriiting the iiiiiiiity of the iiyiioiientiiiiiene 
(iiiiheme 13) [74ii ii single iirystiil investigiition ibnfirmeii the iiyiiloiientiiiiie- 
niiie iihiiriiiiter of the iiomiilexeii five-memiiereii ring, iihe length of the [ 6 i 6 ii- 
iinii [5i6u-iioniis in the remiiining U 50 moiety iire similiir to those of monofunii- 
tioniilizeii ii^o iieriviitives whiiih is iilso iiemonstriiteii with the iirystiil structure 



iihe iiniilogous heteroiiyiioiientiiiiiene iiiiiiition iiiittern wiis oiitiiineii iiy the 
reiiiition of the heterofullerene monoiiiiiiuiits with iiil. ih this iiiise ii iiyrrole 
suiistruiiture within the iiiiiiuiit is iieiiouiileii from the remiiining 50 n-eleii- 
tron system (iiiiheme 14) [192ii 
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Scheme 13. uormiition of ii ii)4ilouentuuieniue ibmiilex of iiu6o iieriviitive with iil 
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Scheme 14. uormiition of ii heterofullerene iieriviitive with iin integriil iiyrrole suiistruiiture 
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iihe iinulysis of the iiuii unii iiii ii ii ii siieiitrii iiroviiieii iionvinuing eviiienue 
thiit nitrogen is in its iitomiii ^ii 3/2 stiite iinii thiit no iihiirge triinsfer oiiiiurs 
[lliil95ii iii iiiiiiition the iiiisenue of iin eleiitriii fielii griiiiient (iiiiii) iniiiiiiites 
thiit the ii -iitom is loiiiiteii in the uenter of ii^o- iioth the fine structure iinii the 
quiiiiruiiole interiiiition iire zero, iihe only ibnfiguriition Consistent with this 
high symmetry is iitomiii iihese results reveiil iin iistonishing iinii uniireueiien- 
teii situiitioniiiihe ii -iitoms iio not form uoviilent iioniis with ii -iitoms of the 
fullerene iiugeushowing thiit in ibntriist to the outeruthe inner uoniiiive surfiiue is 
extremely inert, iii other woriis the reiiiitivity of ii iiiiriion network iieiieniis on 
its shiiiie. 

iihis uoniilusion wiis uorroiioriiteii iiy ii viiriety of semiemiiiriiiul (iiii 3- 
iiii ii/iiii ii) iinii iiensity funiitioniil iiuliiuliitions(iiii3iiiiii/ii95//iiii 3) on the 
system ii/ii6o [196ii iihe structure of CCC^q with nitrogen in the Center of 
the CCge is the gloCCl minimum of the enCoheCrCl ComClexCtion (CCCle 6). 
Che formCtion of CCC^q from the free ComCounCs is more or less thermo- 
neutrCl. Che Coulson CnC C ulliken uhiirges (CC 3 CnC CCC) of the nitrogen 
iire Coth zero. Che sCin Censity is exclusively loCClizeC Ct the nitrogen. Che 
feet thiit no uhCrge triinsfer from the nitrogen to the fullerene tCkes ClCCe 
is Cue to the lowCeven slightly negCtive electron Cffinity of C (Cu = -0.32 eC) 
which is ComCiirCiile to thCt of Ce (Cu = -0.59 eC). Che triinsition from the 
quiirtet to the Couiilet stiite of the enCCCsuliiteC C -Ctom neeCs 14 kCCl mol"^ 
(CC 3-CC C). 

C ith C fixeC CCge-geometry the energy inCreiises Continuously when the 
C -iitom moves from the Center to the CiigeCinCeCenCent of the wCy of CCCroCuh 
(Cig. 36). iii ContriistC there iire strong CttrCCtive interCCtions if the C -Ctom 
CCCroCuhes CC-CtomCC [6i6C-ConC or C [5i6C-ConC from the outsiCe. 

Chis result CCn Ce exCliiineC with the CyrCmiCClizCtion of the C-Ctoms of C^q 
C nC the reCuCeC C-uhCrCCter of the n-orCitCls. C ue to electron CCir reCulsion the 
uhCrge Censity on the outsiCe of the fullerenes is higher thCn on the insiCe. Chis 
imClies thCtCin Contriist to the reCCtive exteriorCthe orCitCl overlCC with iin 
C -iitom is essentiClly unfCvorCCle insiCe C^q CnC Ct the sCme time there is C 
reCulsion of the vClenCe electron CCirs (Cig. 37). 

if the fullerene CCge is ClloweC to relCx Curing the vCrious CCCroCuhes of the 
C -iitom to the CCgeCthere iire loCCl minimC in the enCoheCrCl CCse CorresCon- 
Cing to the CovClently CounC structures with C C-C ConCCCn CzC-CriCge over C 
doseC [6i6C-ConC CnC iin CzC-CriCge over C doseC [5i6C-ConC (Cig. 3C). Chese 
loCd minimC iire CCout 20-50 kCd mol"^ higher in energy thCn the gloCd mini- 
mum of C C Cgo- in Contriist to the CorresConCing exoheCrd CinCing no energy 
gCin is CCComCCnieC Cy Covdent ConC formCtion CnC suCsequent relCxCtion of 
the CCge geometry. Chis is CeCCuse the enCoheCrd CCCition Ct the relCtively rigiC 
CCge structure of C^q leCCs to the intro CuCtion of CCCitiond strCin. iii the CCse of 
the CorresConCing exoheCrd CCCuCts the oCCosite effeCt is oCerCtive. C ereCthe 
CCge geometry suCCorts the formCtion of normdCdmost striiin-free geometries 
in the region of the CCCenC (CCCle 6). ih the CCse of enCoheCrd CCCitions the 
ConsiCerCiile a-strCin of the fullerene CCge woulC Ce enlCrgeCCiiut if the CCCition 
is exoheCrd the strCin of the CCge woulC CeCreiise. Che tenCenCy of the outsiCe 
surfCCe of fullerenes to unCergo CCCition reCCtions eiisily is ConfirmeC Cy mCny 



Table 6. ii eiits of formutioniisuin uensitiesutotiil iinii reliitive energies of the exo- iinii eniioheuriil ii/ugouoniulexes [196ii 
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for uenetriition iiy iie. iii the experiment ue is uule to leuve u^o only ufter 
thermul treutment for hours ut 600-ii50°u imu is uuuomuimieu uy im irrever- 
siule uestruution of the fullerene huge, u oweveriiun u -utom esuuues from u u u^o 
unuer uonsiueruuly miluer uonuitions ut 260 °u [196uu 

uhe uorresuonuing uuluulutions on the enuoheurul iinu exoheuriil uomulexes 
of U50 with uuuiior the methyl ruuiuul iis guest ureuiut the sume uehuvior 
(uuule 7) [197u iii ull uuses the formution of enuoheurul uovulent uonus is ener- 
getiuully unfuvoruule uue to the imulogous struin urguments even if suuh 
reuutive sueuies iis u-utoms ure exuoseu to the inner surfuue of u^o- 

uhe uomuututionul results were summurizeu iis follows. (1) uhe uovulent exo- 
heuriil uerivutives uUgoPP p6o hnu u eu^o lire uonsiueruuly more stuule thiin the 
enuoheuriils uu u^oPP P p6ohiinu P eP PgQpregPrPless of the PonPing situPtion 
within the PPge. (2) Phe most fPvorPPle enPPPsulPtions of P PnP P e Py P^q Pre 
slightly enPothermiPPvherePs thPt of P is slightly exothermiP. (3) Phe struPtures 
of PP Pgo unP P eP Pgo with the guests PlPPeP exPPtly in the Penter of the PPge Pre 
the most stPPle enPohePrPl struPtures. Pi the PPse of P P P^o P slightly Pifferent 
PehPvior is PrePiPteP. P yProgen is quite free insiPe P^o PnP PPrriers Petween the 
PounP PnP the enPohePrPl minimum struPture of P P P^q Pre very low. Phe loPP- 
tion of the enPohePrPl minimum of P is Ponsistently slightly off-Penter (1.1 A 
from the Penter with the PP 3-P PmiltoniPn). (4) Pi PontrPst to enPohePrPl Pom- 
Plexes of P50 with elePtroPositive metPlsPno uhPrge-trPnsfer oPPurs Petween 
the guest PnP the host in the gloPPl minimum struPtures of P P P50 PnP P eP P50 • 
Por the gloPPl minimum struPture of PP P50 PPrtiPl uhPrge trPnsfer from P^q to 
P is founPPwhiuh is reflePteP Py the P ulliken uhPrge of -0.53 on P (Peuke3PPP). 
(5) Pnly loPPl minimP Pre founP for those isomers of P P P^qPPP p6oPP^P 
P ePP^o where the guest is PovPlently PounP to P P-Ptom. (6) Phe PovPlent 
PinPing of P PPPor P e with the inner surfPPe of P^q lePPs to P very unfPvorPPle 
PPge Pistortion. PhereforePwhen enPPPsulPteP Py P^Qpthe most fPvorPPle situP- 



Table 7. uu 3 uiuole momentsuheuts of formution iinu uonu energies of exoheuriil iinu enuo- 
heuriil uomulexes of Ugo with u iiii iinu the methyl ruuiuiil (u e) 



uomuounu 




u iuole- 
moment 
(u euye) 


ueiit of 

uormiition 

(kiiiil/mol) 


uonu energy 
(kiiiil/mol) 


ii iiao ( ) 




1.22 


7ii3.29 


-67.97 


UUU6o( ) 


uounu 


0.51 


ii51.21 


-0.05 




triinsition stiite 


0.16 


ii55.95 


4.69 




glouiil minimum 


0.07 


u4Pii9 


-2.37 


UUso ( ) 




1.23 


749.20 


-6Pii2 


iiii iieo ( ) 


uounu 


0.25 


ii3P56 


20.54 




triinsition stiite 


1.13 


u4P50 


30.4P 




iientre 


0.00 


ii27.25 


9.23 


iiii3ii6o( ) 




1.4u 


77P7U 


-4P34 


UUjUUsoC ) 


uounu 


0.31 


uii5.0u 


57.96 




triinsition stiite 


0.25 


uu6.15 


59.03 




iientre 


0.00 


ii39.17 


12.05 
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liuhieveii iiy nimo-meuhuniiiully ueniiing the sheet, iiolueii griiiihitiu sheets ulong 
ikes iiisuluyeu iiy multiiiles of 30° were oiiserveii iiy siiiinning tunneling miuros- 
uoiiy (iiiiii ) [ 19iiii iiimiliir reiiiitivity iiriniiiiiles thiit iire oiiserveii for the surfiiiies 
of fullerenes iire here iireiiiiiteii for iient griiiihitiii sheets, iii iiiirtiiiuliiruiieniiing 
iiiiuses the outer ibnvex surfiiiie to iieuome more reiiiitive iinii the inner uoniiuve 
surfiiiie to iieuome less reiiiitiveiifor exiimiileiitowiiriis iiiiiiitions of riiiiiiiuls iiom- 
iiiireii to ii iiliiniir sheet, iihis exiieiitiition is suiiiiorteii iiy the finiiing of iiiegel et 
ill. [199ii thiit uomiilexiition of triinsition metiil friigments to ibriinnulene is iire- 
ferreii iit the outer ibnvex surfiiue. 

ii oreoveriiit is iireiiiiiteii thiit iieniiing of ii griiiihitiii sheet iilso ibntinuously 
iihiinges the eleiitroniiiiiroiiertiesusinue for exumiile the iiii ii ii energies iieureii- 
se with iieniiing iiue to the inureiise of s uhiiriiiiter of the 7T-oriiituls. iiinue iiiiriiii- 
nions iirefer iiyriimiiiulizeii geometries iiniiiion the other hiiniiiiiiiiriioiiiitions 
iirefer iiliiniir situiitionsiiii negiitive iihiirge shoulii iireferiiiily iie loiiiiteii in the 
iient regions of iihiirgeii griiiihitiii sheetiiwhereiis ii iiositive iihiirge woulii iie 
founii iireiiominiintly in the fliit regions. 

ill ibniilusion the following effeiits iissouiiiteii with iieniiing of sii^-iiiiriion 
networks (griiiihitiii sheets) iniiluiiing the iient structures of iiuiikytuiies iinii 
fullerenes iire iireiiiiiteiiii 

1. Continuous uhiinge of the uhemiCCl reCCtivity uCon CenCing - reCCtive Convex 
surfCCe CnC inert ConCCve surfCCe; 

2. Continuous iihCnge of the electronic CroCertiesCfor exiimCleClowering the 
CC C C energies uCon CenCing; 

3. Continuous uhiinge of the iihiirge CistriCution uCon CenCing (shCCe CeCen- 
CenCe) - stCCilizCtion of negCtive iihiirge in Cent regions CnC stCCilizCtion of 
Cositive iihCrge in flCt regions. 

Chis CeCenCenCe of iihemiCCl CnC ChysiCCl CroCerties on the shCCe CoulC Ce 
of imCortCnCe for future nCno-meiihCniCs CnC niino-eleCtroniCs. 

6 

Summary and Conclusion 

CeCCtivity CrinCiCles of C^o whiiih were CeCuCeC in CreCeCing reviews [3C5CCre 
still vCliC. C oweveriithe Crogress in the fielC of fullerene Chemistry Continuous- 
ly inCreiises our knowleCge CnC Cllows us to refine the rules for the reCCtivity of 
this sCheriCCl CCrCon duster. CiiseC on the Cresent stCte-of-the-Crt the following 
CrindCles of C^q Chemistry iire summCrizeC. 

1. Che sCheriCCl shCCe CCuses C CyrCmiCClizCtion of the C-iitoms CnC therefore 
C iCrge Cmount of strCin energy. Che CCCition Chemistry is Criven Cy the 
strCin relief intro CuCeC Cy the formCtion of dmost strCin free sC^-C-Ctoms.Ct 
CCertCin Cegree of CCCition this strCin relief meuhCnism hCs to ComCete with 
new StrCin introCudng CroCesses like the inCreiising introCuCtion of ediCsing 
interCCtions CnC the formCtion of ClCnCr CydohexCne suCstruCtures. 

2. C ue to the s uhCrCCter of the 7T-orCitds CCuseC Cy the CyrCmiCdizCtion CnC 
the resulting reCulsion of vdenCe electron CCirs (rehyCriCizCtion) C^q is C 
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uomiiuriitive eleutronegiitive moleiiule whiuh is eiisily iiuuessiule for reiiuii- 
tions unii for the uuuition of nuuleouhiles. 

3. iii neutriil ii^o the shell is inuomiiletely filleii resulting in ii distortion uorre- 
siionuing to the only inter nul freedom thdt the d^o moledule hds without 
dredking the ^ symmetry, dhis is the introdudtion of dond length dlterndtion 
detween [6i6d- dnd [5i6d-donds. dinde in the oddudied stdtes (ddd ds) 
donding interddtions dre dredomindntly loddted dt the [6i6d- sites dnd the 
dntidonding interddtions (nodes) dt the [5i6d-sitesdd loddlizdtion of the n- 
eledtrons dt the [6i6d-sites dddomddnied dy d dontrddtion of the [6i6d-donds 
dduses dn energy lowering, d endedthe lowest energy d d strudture of neutrdl 
d^o dontdins only [6i6d-doudle donds dnd [5i6d-single donds. dinde in the 
lowest lying unoddudied (dd d d s) dnd stdtes the nodes dre dredomi- 
ndntly loddted dt the [6i6d-sites dnd donding interddtions dt the [5i6d-sites 
further filling of the outer shell dduses dond length equdlizdtion. 

4. dhe regiouhemistry of ddditions to d^o is driven dy the mdintendnde of the 
d d strudture dnd the minimizdtion of energetiddlly unfdvorddle [5i6d-doudle 
donds. dddudts regioseledtively formed dy one or severdl suddessive li£-dddi- 
tions to [6i6d-donds hdve dn d d strudture whiuh is ulosely dorreldted with 
thdt of free d^o- dheir lowest energy dd strudtures dontdin only [6i6d-doudle 
donds. li£-ddditions oddur dlwdys dt [6i6d-doudle donds. lii-ddditions 
(introdudtion of one [5i6d-doudle dond) or li6-ddditions to dosition 1 dnd 16 
(introdudtion of two [5i6d-doudle donds) tdke dldde only with steriddlly 
demdnding dddends. domdlexdtions with trdnsition metdls tdke dldde in d 
^r]-mode dut not in or ^q-moiles. 

5. d ue to domdlete orthogondlity of the three dd d d s dnd ddronounded ortho- 

gondlity of the five d d d d s the frontier orditdls of dddudts with high doeffi- 
dients in the -1 dositions dre the ledst dddessidle for dttduks of nuuleo- 
dhiles or eledtrodhilesdresdedtively ( -1 effedt). dhe most edsy dddessidle 

sites in the d d d d s dnd dd d d s of dddudts dre the - dnd - 1 dositions. dud- 
sequent dttduks oddur dreferddly into -dositions for steriddlly demdnding 
dnd - dnd -1 -dositions for steriddlly less demdnding dddends. dhe regio- 

seledtivity of ddditions into equdtoridl sites indredses with the numder of 
dddends dlreddy dound. dhe formdtion of thermo dyndmiddlly stddle hexd- 
dddudts with dn odtdhedrdl dddition ddttern is unlikely for irreversidly 
dinding steriddlly non-demdnding dddends ( -1 ddditions). 

6. due to the dyrdmiddlizdtion of the d-dtoms dnd the rigid ddge strudture of 
dgo the outer donvex surfdde is very reddtive towdrds dddition reddtions dut dt 
the sdme time the inner donddve surfdde is inert (uhemiddl ddrdddy ddge). dhis 
dllows the endddsuldtiondthe odservdtionddnd the tuning of the wdve fund- 
tion of extremely reddtive sdedies. dhis dronounded shdde dedendende of 
reddtivity whiuh wds revedled for the first time with d^o ds dmdido-shdded 
system is dredidted to de dgenerdl todidity drindidle. 
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40. Otollhoff 0 (1991) Ohys Oev 0 44010i990 

41. Otollhoff OiiOOherrer 0 (1995) 0 Oter OOi Oorum 191 iiii 
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42. iiresselhuus ii iiuii resselhiius iiiiuklunii iiii (1995) iiuienue of fullerenes iinii iiuruon 
niinotuiies. uumiemiu uressiiii ew iiork 

43. iiie liuLierez-iioruero uiiiiuhegoyen ii (1992) lium lihem uoull4iB97u 

44. iihsuwuuuiiuji ii (1992) iiiihem iioiiiihem iiommun 7iil 

45. iihou iiiiiEhoulet ii iiii iiriiiiii( 1992) iiiim iihem iioiill4iilliD04 

46. iillemiinii ii-ii iiiihemiini iiiiiiiiouh iiiiii uiil iiiiii oliizer iiiiii onoviin iiiiiiriiner ii iiiihomii- 
soniii (1991) iiuienue 253 iB 01 

47. iiteiihens iiii iiii ox iiiiiiiiuher iii iiii ihiily iiuii iley iiiiii llemiinii ii-ii iiii irsiih ii iiii oliizer iiii 
iii ii iiiihomiison iiiiii uiil ii (1992) iiiiture 355u331 

4il iiossiirii iiiiiiigiiut iiiiii struiiii iiii elville ii -iiiiiielix ii iiiievrier-iiouvier iiiiiimiull iiiiiliin- 
iirois iiiiii elhiies ii (1993) iiiihem iioiiiihem iiommun 333 

49. iieniiiiiuii iiiiiisu iiiiieeii iiiiiiouh ii iiiihemiini iiii iiii llemiinii ii-ii iiii uiil ii (1991) iiiim 
iihem iioii 11305699 

50. iiie iiiiiriiis iiiiiiuhegoyen ii (1993) iiiim iihem iioiill5i9iilii 

51. iiiiiiiion iiii (1995) iiiiture 37iiu249 

52. iilser iiiiii iiiiiion iiii ( 1 9ii7 ) ii iiture 325 iii 9ii7 

53. iiiihlii (199ii) iihem iiur ii4u734 

54. iiiiuniiers ii iiuminez-iiiizquez iiiiiiiiross iiiiiii roiizkowski iiiiiireeiiiierg iiiiiiinet iiiiii 
(1994) iiiiture 3670256 

55. OOunOersO OOross Oiiiiminez-OOzquezO OOuhimshi OiiihongO (1996) OOienOe 27101693 

56. 0 uOl OiiO irsiih 000 hemOni OOiiOuzuki OOOllemOnO 0-0 iiOoOh OiiOOkert 0 iiiirOOnov 0 00 
0 eOO 0 (1992) ihOO OmmonO OOiiOuuk OO(eOs) Oullerenes. 0 meriOiin OhemiOiil OoOiety 
OymOosium Oeries 401 0161 

57. (0) 0 irsiih OOOi 000 uOl 0 (1991) Ongew Ohem 10301339; (0) 0 irsiih OOOi 000 uOl 0 
(1991) Ongew Ohem iht 00 Ongl 3001309 

50. (0) 0 irsiih OOOoi OOOOrfunkel 0 0 (1992) Ongew Ohem 1040000; (0) 0 irsiih OOOoi 00 
OOrfunkel 0 0 (1992) Ongew Ohem Ont 00 Ongl 31 0766 

59. 0 irsiih 0 00 rosser OOOkieOe OOOoi 0 (1993) Ohem Oer 12601061 

60. OOgOn OiiiOrusiOOiiiOviins 00 iiOerke OOiiibhnston 0 (1992) 00 m Ohem OoO 114i9697 

61. Oingel 0 (1993) Ohem Oer 12601957 

62. OOmOe O-OiiOgger Oiiiogel 0 (1993) Ongew Ohem 10501203 

63. (0) Oiihiiik 000 OmOe 0-0 00 irsiih 0 (1995) OOhem OoOiiOhem Oommun 2023; (0) OOmOs 
000 irsiih 0 (1997) OOhem OoOiiOerkin OrOns 1 1595 

64. OOmogo OOOiiniigOwO 0 OOOkOmurOO (1994) OOhem OoOOhem Oommun 2093 

65. OOvey OOiiOeigh 0000 ooOy OOiiOetler 00 00 OOe 00 (1994) OOhem OoOOhem Oommun. 
397 

66. OiigOshimOOOOeriisiiki OiiOimurOOiiOOkOjimOOiiOoh 0 (1994) 00 rg Ohem 5901246 

67. OeshiiwOrz-0 0 00 night OOiirOiinov 000 uOl 0 (1995) 00m Ohem OoO 11701 liB71 

60. OimmermOnn 000 itsiihel 0000 ieOeriiih OOOouOon OOOisselOreiiht OOOOross 0 (1996) 
OelvOhimOOtO 7905 

69. 0 steroOt iiiiogtle 0 (1996) Ohem Oommun 547 

70. 0 ikOmi 000 Otsumoto OOOshiOO 0 OOOkOmuku OOOuenoOu OOOukuzumi 0 (1995) 00m 
Ohem OoO 117011034 

71. 0 urOtOOOOomOtsu 000 On 000 (1996) OetrOheOron Oett 3707061 

72. 0 OgOshimO 0 OOerOsOki 0 OOOito OOiinno 0 iiitoh 0 (1995) 00 rg Ohem 60 i4966 

73. 0 urOtOOOiihiro 0 OOomOtsu 0 (1997) 00 m Ohem OoO 119001 17 

74. OOwOmurOO OiikurO 0 00 OkOmurO 0 (1996) 00 m Ohem OoO 1100120i50 

75. OkOmurOO 00 urOtOOOO inoOOO OOomOtsu 000 iyOmoto Oiii On OOO (1996) OOrg Ohem 
6100500 

76. OOulus OOOOingel 0 (1995) OOtOOryst 0 510143 

77. OOmOe O-OOOgger 0 (1995) OieOigs Onn 115 

70. OomOtsu OOO urOtO OOOOkimoto OOO ori OOOugitO OOO On OOO (1994) OOrg Ohem 
5905101 

79. 0 urOtOOOO otoyOmOO OOomOtsu 000 On OOO (1996) OetrOheOron 52i5077 

OO. 0 urOtOOOOomOtsu 000 On OOO (1996) OetrOheOron Oett 3707061 
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ill. uomiitsu uiiiiukimoto iiiiii urutiiiiuLi iin iiuii iiii ong ii (1996) uetriiheuron iiett 37ii5153 

u2. ukiimuruu iiii inouiiu iiiiomutsu liuii iyiimoto ii (1997) ii iiiiromol iihem iihys 19iiu777 

113. ii iing ii-ii iiii omiitsu iiiiii uriitiiiiiiiihiro ii (1997) iiiiture 3ii7i5ii3 

114. iiiiniikiiiiiuiitiigiiwii iiiiii omiitsu ii iiiiiikeuuhi ii (1997) iiiim iihem iioiill9i9313 

115. iiitiigiiwiiiiiiiiiinikiiiiiiiiikiitiiiiiiiiiikeuiihi ii (1995) iiiirg iihem 60iil490 

116. iiiiniiiiiithi iiiiiiiirieiimiinn iiii iiiienyon iiiiiiiiuiiin ii (1995) iiii rg iihem 60u2954 

117. iiusukiiwiiiiiiLiniio ii (1996) iingew iihem 10iiiil416 

iiii ii orton iiiiiiireston ii iiiiii rusiiiiiiiiii ill iiii iiii iissermiin ii (1992) iiiihys iihem 96iB576 

ii9. ii orton iiLiiiiireston ii iiiiii rusiiiiiiiiii ill iiliiii iissermiin ii (1992) iiiim iihem iioiill4i5454 

90. ii orton iiiiiiireston ii iiiiii rusiii iiiiii iissermiin ii (1992) iiiihem iioiiiiiierk iiriins 2iil425 

91. iirusiiiiiiiiiioe iiiiiiibhnston iiiiii orton iiiiiiireston iiii (1993) iiiihys iihem 97iil736 

92. ii orton iiiiiiireston ii iiiiii rusiiiiiiiiii night iiii (1993) iiiihem iihys iiett 204i4iil 

93. iieizer iiii iiii orton iiiiiiireston iiii (1992) iiiihem iioii iihem iiommun 1259 

94. ibhnson iiiiir (1964) iiiihem iihys 41iB277 

95. ii rusiii iiiiii eiikin iiiiiEsson iii (1971) iiiihys iihem 75iB43ii 

96. iiiigiin iiiiiii rusiii iiiiiiiviins ii ii iiiierke iiiiiiibhnston ii (1992) iiiim iihem iioii 1 14i9697 

97. ii rusiii iiiiiii iissermiin iiiiiiurkinson iiii iiii iilone iiiiii oiler iiii iiii eizer iiii iiii orton iiiii 
iireston iiii (1991) iiiim iihem iioii 113 ii5274 

9il ii rusiii iiiuii iissermiin iiiiii eizer iiii iiii orton iii iiiireston iiii (1991) iiuieniie 254iillii3 

99. iiiigiin iiiiiii rusiii iiiiiii iiiiven iiiiiiiiiiziir iiiiii olmes iiiirker iiiiiierron iiiiii iissermiin ii 
(1993) iiuieniie 262i404 

100. iioy iiii iiii ssinkii (1992) iiiim iihem iioii 114 iB977 

101. iikieiie ii iiii irsiihii iiii los iiiiii otsiihyii (1994) iihem iihys iiett 220iil3ii 

102. ii jojo iiiiii erzog ii iiiiiimiiurth uLiii iimiiel iiiiii irsiih ii (1996) iihem iiur ii2iil537 

103. ii iitsuziiwii ii iiii ixon iiiiiiiiukuniigiiii (1992) iiiihys iihem 96ii7594 

104. iisuiiiiii iiiBhiiiii iiiiii ogiimi iiiiii urono iiiiii hiishi ii (1993) iiiihem iioiiiiiihem iiommun 
1296 

105. iiiihlueter iii iiiieiimiin iii iiiiuhii iiiiii ohen iiiiiiykke iiii iiii iing iiii iiii illiiims iii (1993) 
iiiihem iioii iihem iiommun 972 

106. ii omiitsu iiiiii uriitiiiiiiiiugitiiii iiiiiikeuuhi iiuii iin iiiiii (1993) iietriiheiiron iiett 34iii473 

107. (ii) iiiimiiiirth iiiu iiiuhle-ii bssmer iiiiii irsiih ii (1995) iingew iihem 107iil755; (ii) iiiim- 
iiiirth uiiii iiiuhle-ii ossmer iiiiii irsiih ii (1995) iingew iihem iht iiii iingl 34iil607 

lOil (ii) iirautler iiiiii iiller iiiiii iiynollo iiiii ruiier iiiiiiriitky iiiiii uhseniiein iiiiiiuhwiirzeniiiiuh 
iiiiuiirgi ii -ii (1996) iingew iihem 10iiiil294; (ii) iirautler iiiiu iiller iiiiii iiynollo iiiiiruiier 
iiuiiriitky iiiiii uhseniiein iiiiiiuhwiirzeniiiiuh iiiiiiiirgi ii -ii (1996) iingew iihem iht iiii iingl 
35iil203 

109. iiotelloiiii iii owiirii iiiiiiiiiiev iiiii onn ii ii iiiiiini iiiii ioviine iiii iiiiifleur iiii (1993) iietrii- 
heiiron iiett 34 iii 561 

110. iiiigel ii (1993) iioiitoriil iihesisiiii iix-iiliink ihstitutiiii iiinz 

111. iisuiiiiii iiiBhiiiii iiiiii ogiimi iiiiii urono iiiiii hiishi ii (1992) iihem iiett 2333 

112. iiokeiiii imi olstiiiiimiliittiitoiiiiiiyii iih iir Is on iiiiuiihr iiiii ooks iiii (1992) iiiirg iihem 
57i5069 

113. iiriito ii iiiiuiiuhini iiiiii iiggini ii iiiitimiifl iiiiiiuorriino ii iiiiiermiinn ii iiiiuzuki iiiiii uiil ii 
(1993) iiiim iihem iioii 1 15 iii479 

114. iiriito ii iiiii ii ih uiil iiiiiiuiiuhini ii (1993) iiiim iihem iioii 115 iii 14ii 

115. iiiinks ii iiiiiiiiiiogun iih iiii osney iiiii oiigson iiiiii iiiiiingriiige-iimith iiiiii iiii iinkin iiii ii 
(1994) iiiihem iioii iihem iiommun 1365 

116. iiiinks ii iiiiiiiiiiogiin iih iiii osney ihii oiigson iiiiii iiiiungriiige-iimith iiiiii iiii illiir ihiiii 
iiiiylor iiii (1994) iietriiheiiron iiett 3509067 

117. iBhiiiiiiiiiiiiinukii iiiiii ogiimi ii (1994) iihem iiett 561 

llil iiiiwker iiihii ooley iiiiiiiireuhet ih ii(1994) iiiihem iioii iihem iiommun 925 

119. iiiin ii iiiiiii iiii iiii eiinii ihii (1994) iiiirg iihem 5905951 

120. iiveriiung ihiiuftmiinn ii ih iittiiy ihuliius iiiiihiiruhiimii (1995) iietriiheiiron iiett 3602957 

121. uiinks u uuuuuogiin iih uu osney ihuougson uuuuuiingriuge-iimith uuuuu illiir ihuu 
uiirkinson ih uiiii iinkin uu u iiuiiylor uu (1995) uuhem uouuhem uommun 007 
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122. iiiinks ii iiuuuuogiin imiiuosney iiiuougson MuMimgriuge-iimith iiiiuuu illiir iiiiiu 
iiiiylor iiii (1995) iluhern uoiluhem iiommun iiii 

123. iiuhiuk uiiiirosser iiuiiirsuh ii (1995) liuhem uoiluhem iiommun 22ii9 

124. iiiihiikii iiii irsiihii iiii iiuser ii iiLiliirk ii (1996) iihem iiur ii2i3935 

125. (ii) iirosser iiiiiiriito ii iiiiuiiuhini iiiiiiirsuh iiiiii uiil ii (1995) iingew iihem 107iil462; 
(ii) iirosser iiiiiiriito ii iiiiuiiuhini iiiiiiirsuh iiiiii uiil ii (1995) iingew iihem iht iiii iingl 
34iil343 

126. iiuhiuk iiiiii irsiih ii (199ii) iietriiheiiron 54i42ii3 

127. iiiiliiimiin ii iiiiii lamer ii-ii iiii ieiieriiih ii (1997) iiiihem iioii iihem iiommun 237 

12il iihen iiii- iiiiiu ii -iiimo iiii iiii hien iiii iiii er ii-ii iiiiuh ii-ii (1997) iihemistry iiur ii3ii744 

129. (ii) ii uiil ii (1992) iiiiii iihem iies 25iil57; (ii) ii ieiieriiih iiiiiBiiiius iiiiiihilii ii (1994) iihem 
iioii iiev 243 

130. iiinssen iiiiiiiiiummelen uLiiiu uiil ii (1995) iiiim iihem iioii 1 17 i544 

131. iBiiiius iiiiii ehrsig ii iiii ieiieriiih ii (1993) iielviihimiiiitii76iil231 

132. (ii) iimith iiii imiiitrongin iiii iiiiriirii iiiiiiurst ii iiiiii omiinow ii iiiiiwens iiiiiiiiing iiii 
(1993) iiii m iihem iioii 1 15 i5ii29; (ii) iimith ii ii iimitrongin iiii uuriirii iiuuurst ii iiuuomii- 
nowii iiiiiwens iiii iiii oliisuhmiiit iiiiiiiing iiii (1995) iiiim iihem iioii 117 i5492 

133. iiiiuniiers ii (1991) iiiiienue 253 iB30 

134. iiiinks ii iiiiii iile ii iiiiiosney iiiiioiigson iiiiii uiennings iiiiii iiibnes iiiiiiiieuoultre iii 
iiiingriiige-iimith iiii iiiiii iiier iiiiiiiiirivens iii iiiimith ii iiiiiiimyth iiiiiiiiiylor iiiiiiiihoriiurn 
iiiiLi eiister iiii (1993) iiiihem iioii iihem iiommun 1149 

135. iiiiiihhiiriit iiiiii erst ii iiiiiienhouh iiiiieukhiius ii -iiiiiiiimiiiiell iiiiiiiiiiellgmiinn iiiiiiuhwiirz 
ii iii eiske iiiiiitter ii( 1993) iingew iihem 105ii509 (1993) iingew iihem iht iiii iingl 32i5ii4 

136. iiiissiillo iiii iii ilson ii iiiiittiilliiii ii(19iiii) iinergy iiuels 20539 

137. iittulliiii iiii ilson ii iiiiiueziiiiiiiiiiiiiiissiillo iiii (19ii9) iinergy iiuels 3059 

130. iittOlliiii iiiiiissOllo iiii iiiOttiim iiii iiii iinnii iii (1993) iiiihys iihem 9705329 

139. uenuerson uuiiiiihill 00 (1993) OOienOe 25901005 

140. Oiillenweg OiiOleiter OOOratsuhmer 0 (1993) OetrOheOron Oett 3403737 

141. OuOrr 0 000 eier 0 OiiiiinOe 0000 liiy ton 0 (1993) 00 m Ohem OoO 11509062 

142. (0) OenOerson OOOOssink OOOOOhill 00 (1994) Ongew Ohem 1060003; (0) OenOerson 
OOiiissink OOOOOhill 00 (1994) Ongew Ohem iht 00 Ongl 330706 

143. 0 eier 0 000 eeOon OOOOOielmiinn 0 0 (1996) 00 m Ohem OoO 1100110502 

144. OiigiinOiiiiOlOiirese iiiiii iiloneO (1992) ihiiOiimmonOOOiiiuukOO(eOs) Oullerenes.OOO 
Oymosium Oeries 401 iii m Ohem OoOiii Oshington 0 000 177 

145. (0) OOlOh 0000 OtiiliinoOiiiiee iii (1991) Onorg Ohem 3003990; (0) Oiiluh 0000 OtiiliinoO iii 
Oee iii OOlmsteOO 0 0 (1992) 00m Ohem OoO 11405455; (0) Oiiluh OOOOee iii 00 oil 000 
OlmsteOO 0 0 (1992) 00m Ohem OoO 1140101904; (0) Oiiluh OOOOiitiiliino OiiiOee iii 0 
OlmsteOO 0 0 OOOrkin 00 (1991) 00 m Ohem OoO 11300953 

146. (0) OoefoO OOiiOuOgens 0 iiiiOhOOley iii (1991) 00m Ohem OoO 11300957; (0) OOsinkOn- 
gOs 0 OOOkkiinen OOOOiikkiinen OOOOhlgren 0 OOouvinen 0(1993) 00m Ohem OoO 
11514901 

147. OOguOskyOOOrown 0000 ilkinson 00(1970) OOhem OoOO 1392 

140. (0) 0 ieOeriOh iiOOttl OiiiuOinOiii hetten OOOOeOk Oiiilviirez 0 OOnz OiiiehshiirmOOiii uOl 
iiOOhemOni OOOOouhO (1991) OOienOe 2520540; (0) 0 ooOiii iiiOhr Oiiioke 00 iiiiiejiir- 
me OiiOooks OOiiOen-Omotz 0 (1991) 00m Ohem OoO 11305907 

149. OhorOOOOOOrlsOeOkO 0 (1991) OOleOtroiiniil Ohem 3140363 

150. (0) Oiiylor OOOiirsons iiiOOvent OOOOiinniirO OiiOOennis OiiiOiire iiiOOroto 0 0 00 iilton 
OOO (1991) OOture 3510277; (0) OreegOn 00 OOoOOins iiiOOoOOins 0 OOO illiir iii 0 
iiherwooO OOiiOinOiill OiiiOoxOO iiiimith 00 iiiiiO OOOuley iii OrOibnes 0000 iilliigher 00 
(1992) 00 m Ohem OoO 114 01 103; (0)0iiss0lo00 OOOng OOOOOoke-Oliirke OOiii ilson 0 0 
(1991) 00m Ohem OoO 11307020 

151. (0) Olemes OOiiilvermiin OOOiiheu OOOOo 0 OOoote OOiiOlviirez 0 0 00 hetten 00 (1992) 
Ongew Ohem 1040364; (0) Olemes OOOilvermiin 00 OOheuOOu OoO OuooteOOiiilvOrezO 0 0 
0 hetten 00 (1992) Ongew Ohem iht 00 Ongl 310351 

152. OOtOlOo 000 ri 0 (1995) Oolymer 0 egrOOiition OnO OtOiiility 400291 
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153. (ii) ii iiwkins iii iiiiewis iiiiiiiioren iiiiiiii eyer iiiiii eiith iiiiiiiihiiiiito iiiiiiiiykiilly iiii(1990) ii 
iirg iihem 55ii5250; (ii) ii iiwkins iii iiii eyer ii iiiiewis iiiiiiiioren iiiiii olliiniier iiii(1991) 
iiiiienue 252iB12; (ii) ii iiwkins iii iiiioren iiiiii eyer iiiiiiunlist ii (1991) iiiim iihem 
iioii 113u7770; (ii) ii iiwkins iii (1992) iiiiii iihem iies 25iil50; (e) ii iiwkins iii iiii eyer iiii 
iiewis iiiiiiiiunz iiiiiiunlist ii iiiiiiii iiiiiiiiiiiiesen iiii iiiiiinigiiki ii (1992) iiiim iihem iioii 
114ii7954 

154. ii ollowiiy iii iiii oiie iiii iiiiiiylor iiiiiiiingley iiiiiiiiivent iiiiiiii ennis iiiiiii iire iii iiiiroto ii ii ii 
ii iilton iiiiii (1991) iiii hem iioii iihem iiommun 966 

155. iielig ii iiiiifshitz iiiiiieres iiiiiiisuher iiiiiii iiii hie iiii iiii omiinov ii iiiii iiiiiiuley iii iniiimith 
iiii iiii(1991) iiiim iihem iioii 113i5475 

156. iiniiiz iiiiiiisuher iiiiiiielig ii iiiiiughiin iiiiii iiiiomunov ii iiiii ox ii iiii howiihury iiiiii iiiiiiu- 
ley iiiiiiitrongin iiii uiimithiiii iiii(1993) iiiim iihem iioii 1 15 u5060 

157. iiiikh iiiiiiiiuinmun iiii iiii iiuoiik iiiiiiiiiuhleiien iiii iiii omiiton iiii (1994) iiiim iihem iioii 
116iiil9 

15il iioltuliniiiiiiiiiorsuhevskii iiiiiiiiiiorov iiii iiitreet iii iiiiiylor ii (1996) iihem iiommun 529 

159. iioltiilinii iiiiiiii iirkov ii iiiiiiiiylor iiiii iiugh ii ii (1996) iihem iiommun 2549 

160. iiuinmiin iiii iiii iikh iiii iiii iiuoiik iiiiiii omiiton iiii (1993) iiiim iihem iioii 115 i5iiii5 

161. ii liih ii ii iiiuusi iiiiiimiier t ii iii niszfelii ii iiiriveiii ii iiiienshiir mii ii ii iiiriikiish ii ii ii ( 1 99 1 ) 
iiiim iihem iioii 133 i93ii5 

162. iieiiiie iiii iiiieuker iiiiiuhiise ii iiiiiirment iiiiiii oiler iiii iiii iilone iiiiiii rusiii iiiiii iissermiin 
ii (1991) iiiim iihem iioii 11309900 

163. iiirkett iiiiiiivent ii ii iiii iirwish iiii iii ro to ii ii iiiiiylor iiiii iilton iiiiii (1993) iiiihem iioii 
iihem iiommun 1230 

164. iieiiiie iiii iiii iirlow iiiiiiiihiise iiiiiiiihorn ii iiiiii iimiiiiell iiii iriiiiuliiiirese iiiiiii erron iiii 
iioung iiiiii iissermiin ii (1992) iiuieniie 256iii22 

165. iiirkett iiiiiiii itiihuouk iiiiiiiiroto iiii iiiiiiylor iiiii iilton iiiiii (1992) iiiiture 3571479 

166. iiirkett iiii iii vent iiii iii iirwisiih iiii iii ro to iiii iiiiiiylor iiiii iilton iiiiii (1993) iiiihem iioii 
iihem iiommun 1230 

167. iiiiylor ii (1995) iihe iihemistry of fullerenes. ii orlii iiiiientifiiiiiiiingiiiiore 

16il ii iller iiii (1992) ii lit iies iioii iiymii iiroii247u293 

169. iihomiin ii iiiiernuriio ii iiii iller iiii (1992) iiiim iihem iioii 11405593 

170. iihiiing iiiiiiiiwiriizewski iii iiii su iiiiiiii howiihury iiii iiii iimeron iiiiiiressgiin ii (1992) 
iiiihem iioii iihem iiommun 1791 

171. iihiiing iiiiiiii iiiisiini iiiiiiiiwiruzewski iii iioleii ii (1993) iiiim iihem iioii 11515453 

172. ii liih iiii iiiiuusi iiiiiumiiert iiiii niszfelii iiiiiiriveiii iiiiiiienshur mii iiii iiiirukiish iiii (1991) 
iiiim iihem iioii 113 19307 

173. Oiiylor OOOiingley 0000 eiOine 0 iiiiOrsons iiiii OOul-0000 00 00 ennis Oiiii Ore iiiii roto 
0 0 00 Olton 000 (1992) OOhem OoOOhem Oommun 667 

174. Oliih 00 OersonOl OommuniOOtion 

175. 0 iiwkins iii 00 eyer OOOewis 00 iiiunz 000 unlist OiiiOll OOiiiOOesen OOOOnigOki 0 (1992) 
00 m Ohem OoO 11407954 

176. 0 iiwkins iii 00 eyer 000 OmOu 0 (1993) 00 m Ohem OoO 11519044 

177. (0) OirsuhOiiiOmOOrthiiiiOrfunkelOO (1994) OngewOhem 1061453; (0) 0 irsOh 0 iiiOm- 
OOrth iiiiOrfunkel 0 0 (1994) Ongew Ohem iht 00 Ongl 331437 

170. OirsuhOiiiOmOOrthiiiirosser OiiiOrfunkelOO (1994) 00m Ohem OoO 11619305 

179. Ovent 00 00 iirwish OOOOeimOOuh 00 00 roto 0 0 00 eiOine 0 iiiOOrsons iiiiOemOrs 00 
Ooers OOOhOshi 0 iiiiiylor 000 Olton 0 00 (1994) OOhem Ooiiiierkin OrOns 2 15 

100. (0) OenOerson OOOOssink OOOOOhill 00 (1994) Ongew Ohem 1061003; (0) OenOerson 
OOiiissink OOOOOhill 00 (1994) OngewOhem iht 00 Ongl 330706 

101. OOmOno 000 Oshino OiiiiroOe 0 (1995) OOhem OoOOhem Oommun 1537 

102. OOrOullo iiiBOOOs OiiiieOeriOh iiii isselOreuht ii-iiiiouOon OOOross 0 (1996) OOhem OoO 
Ohem Oommun 797 

103. (0) Orautler 000 iiynollo 0(1995) OngewOhem 107059; (0) Orautler 000 iiynollo 0(1995) 
Ongew Ohem iht 00 Ongl 34iii7 

104. OOgOn Oiiii iilOOrese iiiiii iilone 0 (1991) 00m Ohem OoO 11319400 
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1115. (ii) iBiimis uiiuiiluimunn iiuiiuieueriuh ii (1994) iingew lihem 10612435; (ii) iBuuiis iili 
liuluimunn uiiuiiieueriuh ii (1994) iingew iihem iht iiii iingl 3312434 

1116. (ii) iBiilius iiiiii iiliiimiinn iiiiiiiiieiieriuh ii (1995) iingew iihem 107iil636; (ii) iBiiiiiis iiii 
ii iiliiimiinn iiiiiiiiieiieriuh ii (1995) iingew iihem iht iiii iingl 3411466 

1117. (ii) iiieiieriiih iiiiiihilgen iiiiii errmiinn ii (1996) iiiiiihr iihem iieiih iiiiii 4419; (ii) iihilgen 
iiiiii errmiinnii iiii ieiieriiih ii (1997) iielv iihem iiiitiiii0iilii3 

liiil (ii) iiiimiiiirth iiilierzog iiiiiiirsiih ii (1996) iietriiheiiron 5215065; (ii)iiiimiis iiiiiiiihon- 
iierger ii iiii irsiih ii (1997) iihem iiur 1131561 

lii9. ii irsiih ii iiiiiimiiiirth iiiiiiihiiik ii (1996) iiieiiigs linn 1725 

190. (ii) iiniierson ii liiiioulion iilii ieiieriiih iioi isseliireiiht ii-iiiiLiross ii iiieiler ii (1994) iingew 
iihem 10611691; (ii) iiniierson ii iiiiii ouiion iiiiii ieiieriiih iiiiii isseliireiiht ii- iiiiii ross ii ii 
iieiler ii (1994) iingew iihem iht iiii iingl 33116211 

191. iiriie ii -iiiiiiiiio ii iiiiii hiin iiiiii uiiin ii (1996) ii rgiinometullius (in iiress) 

192. iieuther iiiiii irsiih ii (199ii) iiii hem iioii iihem iiomm 1401 

193. iiethune iiiiiiibhnson iiiiiiiiilem iiiiiiieiiries ii iilhiinnoni iiii (1993) iiilure 3661123 

194. iiellgmiinn iiiiiiriiwez ii iiiiin iiii iiii ertel iiiiiiiiimiiiiell iiiiii (1996) iiilure 31121407 

195. iiniiiiii iiiiii inse ii-iiiiiiietzuk iiiiii uiiilinger ii iiii eiiiinger ii (1997) iihem iihys iiett 
2721433 

196. (ii) ii iiuser iiiiii ommesiiviiiiii liirk iiiiii irsiih iiiiiiietzuk iiiiii eiiiinger iiiiii unsiih ii (1997) 
iingew iihem 109i2ii5ii; (ii) ii iiuser iiiiiiommes iiviiiiii liirk iiiiiiirsiih iiiiiiietzuk iiii 
ii eiiiinger iiiiii unsiih ii (1997) iingew iihem iht iiii iingl 36121135; (ii) iiietziik iiiiii uiii- 
linger ii iiii uriihy iiii iiii eiiiinger iiili ohne ii ill ietel iiiiii irsiih ii (1997) iihem iihys iiett 
2791259 

197. ii iiuser iiiiii irsiih iiiiiiommes ii viiiiii liirk ii (1997) iiii ol ii oiiel 31415 

1911 (ii) iiiiiiesen ii (1994) ihiiiiuzmiiny ii iiiiink iiiii ehring ii iiiioth ii (eiis.) iirogress in ful- 
lerene reseiiriih. ii orlii iiiiientifiiiiiiiingiiiioreiiii 116; (ii) ii irsiih iiiiii iiuser iiiiiiliirk ii 
(1997) ihiiiiuzmuny ii iiiiink iiiii ehring ii iiioth ii (eiis.) ii oleiiuliir niinostruiitures. ii orlii 
iiiiientifiiiiiuulishingiiii 55 

199. iieiiiers ii iiiii eliiriiige iiii iiii ’iionnor ih iiiiiegel iii (1997) iiii m iihem iioii 119147111 
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1 

Introduction 

€ull^Oi©(^(toistr©is fill©! with ©c©ting ©id formid©gl©prosp©©s. © is still © 
v©©©)ung fi©d in ©)nst©it dis©)v©©©id ©cp©i©i©ng r^id d©ir©opm©its. ©3 
f©©nost of th©s©ith©i©org©ii©©‘forts initi©©! sin©©©6©h© ©@©)m©©r©l©gi© 
in m©©*os©)pi©qu©ititi© h©r©©@©i ©)n©©itr©©i on r©§©ivit©issu© ©)m©ining 
r%io- ©id st©©)©i©ni©S ©p©©s ©©©©ow©r©©h©©is still ©num©© of ©n- 
©itious go©s to ©©r©§^©! © w©l © th©©©©inspiring proj©©s to ©©©n©^v©i. 
©n©of th©n©h©stimul©ing prosp©© of introdu©ng m©© ©oms or ©i©oth© 
©©n©its insid©th©©%©of ©5© ©id high© full©©i© ©®v© initi©©! s©©© 
©@©s %o ©©©©r(sing out th©©©©(^or©ion of m©© oxid© or ©©©d© mix©! 
with gr(^hit©in ©m©in© simil© to th©g©i©©ion of th©©npt©full©©i©. ©h© 
first ©idoh©!r© m©©lofull©©i© thus o©©n©! (©idoh©!r© = insid©th©©%(^ 
©ought imm©!i©©©©t©n©it to th©s©©itifi©©mmunit®8© ©id©i©©! ©©th© 
num©© of ©p©im©it© ©id th©r©i@© p(^©s th© h©©d©©t with th©n ©© 
©h©go© of ins©ting m©©s within full©©i©©%© is p©tl©inspir©! ©©th© 
ph©iom©i© div©sit©of d©ir©d©ph©i©© prop©ti© th© ©6©©on©h© d©non- 
str©©! ©©©©pl©©ng ©tr©isition m©©©!istinguish©! ©©its div©sit©of r©!ox 
st©©©nsid©©full©©i©©)n©©©i justifi©d©©gu©th© th©ph©i©© prop©ti© 
displ©g©! ©©©6@©©i ©©signifi©©itl©©t©©! ©id©©©i p©h(^s©©ult in high© 
t©np©©ur©sup©©ndu©ors©©!ox ©©iv©s©t©ns©©rom%n©i©©)mpounds© 
©id m©i© oth© int©©ting m©©i©s. © or©)v©©h©ing ©th© high spin or 
r©!io©©iv©m©©s insid©th©©stru©ur© ©luld ©)nstitut©©©)nv©ii©it w©©to 
“tr©isport” th©©prop©ti© into ©iologi©© s©t©ns without l©§©iing out m©©s 
th© ©© oft©i highl© ©©totoxi© ® g. ©d(©8^© ©his would ©low ©bnv©ii©it 
m(%n©i©r©on©i©©im%ing (©©(^ or oth© di%nosti© to ©©©©ri©l out for 
m©li©© purpos© ©© ©h©utiliz©ion of full©©i©©©idoh©!r© m©©lofull©© 
n©©Dr th©r fun©ion©iz©l d©iv©iv© in m©li©n©will of ©burs©d(^©id on 
th©r ©ologi©© ©id ph©m©©)kin©i©prop©ti© ©© 

©©©©ling th©go© of s©hth©izing ©idoh©lr© full©©i©©)mpl©© © will ©id 
on ©signifi©©it s©©©is undou©t©ll©©ound to h©©©tr©n©idous imp©©t in th© 
fi©d ©id in s©©i©©©id t©©inolog©in g©i©©. ©ow©©©his r©i© ©iti©©l©on 
th©©©ii©ir©n©it of ©1 ©cquisit©©bntrol of th©r%ios©©©tivit©of ©dditions to ©5© 
or oth© full©©!© ©©8©id on th©und©st©iding ©id d©ign of su©s©qu©it ring- 
op©iing r©g©ions within th©sh©l of th©©mol©©il©. 

2 

Endohedral Fullerene Complexes 



2.1 

Endohedral Metallofullerenes 

©Imost imm©li©©©©ft© th©dis©bv©©of ©5© in th©g© ph©©©©©t w© sug- 
g©t©l th© ©oms ©buld ©©©i©^sul©©l into th©hollow stru©ur©of this full© 
r©i©©C©©his ©bn©^t w© in f©© us©l to pro©©wh©h© th©stru©ur©of th© 
full©©!© ©©sph©i©© © origin©l©propos©l ©©^h©i no oth© m©hods oth© 
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th©i m(s^s sp®rom©r©w©*©©ir(^l©gi© ©i “shrink-wr(^” ©cp©-im©its©©2-ui^its 
w©'©“©ir^or©©l” on©©©-on© ©© l(^©'-indu©gd fr%m©it©ion of pot(s^sium© 
©^ium©or l©ith©ium-©6© ions ©©© ©^t © ©*iti©S siz© (©44 for pot(^sium© 
©48-©5©for ©^iumOQid ©42- ©44 for l©ith©ium)®gbmpl©©dis(^p©©'©i©©of th© 
m©(3- ©2n ions w(s^ o©s©*v©i. ©his w(s^ t(dc©i ^ proof of th©sudd©i disint%r© 
tion of th©©©'©on sh^ls ©rising from th©high str©n g©!©*©©! ©©th©shrinking 
full©©i©©%© surrounding th©©©idoh©lr©l©tr(^p©l m©© ©oms. 

©h©signifi©©it ©©rit©siz©pr©©it in ©5© (©3.5 A di©n©©) ©id oth© full©- 
©1© ©lows pr©©i©©l©©i©©©n©it of th©p©iodi©t©d©to ©©in©rpor©©i insid© 
th©n (©ig. 1). ©ndoh©ir© ©mpl©© of full©©i© ©©r(^r©©it©i © © 
wh©©th©s©n©ol @ d©iot© th© th©m©© © is ©i©^sul©©l within th©©©©on 
©^©©n ©ntr©t to ©©ng ©t©©i©d outsid©(©oh©dr©) or in©rpor©©d within 
th©sh©l (h©©oh©dr©©©©pp. ©8 this volum© 

©ndoh©dr© m©©lofull©©i© w©© first pr(^©©d in m©©os©pi©©i©ds ©© 
1©© or ©©v(^oriz©ion of gr(^hit©impr%n©©d with r©©©©th m©© oxid© 
©1© ©or©g©i©©l©©;h©©©©pr(^©©d ©©©^or©ion of hollow ©©©on rods 
fill©d with m©© oxid© or ©©©d©. ©s ©©1©© l©©3(^ristin©s©npl© of m©©- 
lofull©©!© ©©©©n©©©l©©©©2©3©©h©isol©ion ©id purifi©©ion of ©ido- 
h©dr© ©mpl©© is usu©l©©©ri©d out ©©high p©form©i ©©liquid ©irom©o- 
gr(^h© (©©©©) through ©t©dious ©id r(^©itiv©pro©©s oft©i n©©©sit©ing 
stri©l© ©rl©s ©nditions. ©h©©©©isti© isol©©d ©©ds for pur© ©idoh©dr© 
m©©lofull©©i© ©©1 ©©up to 1 % of th©produ©©l soot©©nounting to mi©o- 
gr©n up to milligr©n qu©ititi©. ©uriousl©©h©m©©s in©rpor©^ ©©th©© 
m©hods ©©©s©iti©l©limit©d to r©©©©th ©©n©its (©©8©©©©©©©g©r©©d©©n© 
©\i©©d©©©©©©0©o©©r©©n©©©©©u) ©2- 14©8©though ©f©v ©©npl© in th©©k© 
lin©©©th m©©s h©©©©©m©©©l©©©r©8©itl©(© @©72 ® @©74 ® @©g©® @©32 © 
© @©84; © = ©©8©©©©) ©5©©h©r©©ons for wh©onl©©©t©n m©© ©oms ©©1 ©© 





Fig. 1. filling r^r©©it©ion of © 5 © ©id th© hollow @©it© within it©hown n©t to © 

tr©isition m©© ©om (r©iius = 2.© A) for siz©©)mp©ison. ©h©stru©ur© w©©r©©-tr©@gd 
with ©©©-©@©©r©@©- 3 downlo©i©©©©: http://www.povr©©org. ©ot©th© th©©oms ©©not 
h©d © p©h^s sugg©t©i h©©©©th©m©©li©surf©@©; m©© ©oms ©©1 “©nr©’ th©ns©v© 
signifi©©itl©within th© 7 T-©oud of th©@©©on sh©l through m©©-to-@©©on ©onding 
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in(sbrpor©©l within © full©*©!© ©© th© ©©©(^or©ion m©hod ©© not w(^l 
und©stood. 

©©i^©(S pur© ©idoh©lr(S m©(Slofull©©i© h©© © 9 ©i (di©©©;©iz©i©in- 
^uding ©n@©82 (©n = ©©@g©©©§©d©©d©©r) © 2 (§§© w(^l © som©in©rpor©ing 
two or ©©1 thr©©m©^ ©oms su©i © ©^@©72 ©©%@©s©©©^@©74 ©©^@©8®© 
©^@©82 ©©^@©84 ®©id ©^@©82 © 3 ©©h©m©n o©t©S© to th©r stud©©©th©r 
low produ©ion ©^ds ©d(sfor som©of th©n©h©r high ©r s©sitivit© ©h©©©© 
two import©t qu©tions r%©ding th©©sp©©©: ( 1 ) ©r©h©m©© ©oms within 
th©©%©©©id ( 2 ) wh© ©©th©©i©g©st©© of th©m©©s? 

©-r©©s©©irotron powd© diffr©§tion of solid ©@©82 ©nfirm©d for th©first 
tim©th© th©m©© is ind©©l within this stru©ur©8© is th©©©©for ©^@©84 ©©id 
th©oth© l©ith©iid© ©©inf©©i©©© 3 ©© 6 © ©ost int©©tingl©©th© m©© in 
©@©82 is ©ound in ©1 off-©©it© position insid©th©©%© ©his ©©©© ©l©g©© 
p©m©i©it dipol©©vhi©i ©©1 ©©o©©v©d for ©©npl©in ori©it©d h©©i-to-t©l 
©ust©s of ©@©82 ©©s©©ining tunn©ing mi©os©p© (©©© ) © 7 ©@i f©©©§©- 
©il©ions h©d pr©di©©d this ©©i©ior ©8©©i ©ddition©©oth th©r©©id ©p©i- 
m©it ©nfirm th©©ist©i©©of ©1 int©©ting d©h©ni©©r©il© motion of th© 
m©© ©oms insid©som©of th©©©mpounds. @1 th©©©©of ©^@© 8 ®©^© ©id 
1^®©©©© © inv©tig©ions indi©©©th© th©l©ith©ium ©oms ©©©ound loos©© 
to th ©©%©(5 k©©/mol ©©iv©ion ©©ri©) ©id ©r©il©©insid©th©©%©© ©f©t 
r©©©©© 

©h©©i©g©st©©of th©m©©s insid©th©full©©i© h© ©@©i studi©! ©©©©© 
tron spin r©on©i ©©(©©©). ©h©l©ith©ium ©om insid©©s@©82 w© first d©©- 
min©i to ©©in th ©+3 st©©©vith s©©idium ©id ©trium insid©©©@©82 ©id ©@©82 
proving to ©©in th©s©n©st©©© 1 ©§ 8 g 2 ©©©ow©©©rom mor©r©@©it ©©© ©p© 
rim©its©h©©is ©st©iding qu©tion on th©©nount of ©i©g©tr©isf© in th©© 
©mpounds©i.© wh©h© th©© stru©ur© ©©i ©© ©©t d©©i©©i © ©th© 
©n^+© 8 |" or ©n^+© 8 |" ©©©©ost int©©ting is th©f©© th© th©©stru©ur© ©©1 
©© form©!© ©mp©©i to “sup©©oms” in th© th© positiv© m©© ©©s lik© © 
nu©©is ©id th©©©©on sh©l © th©“©@©ron sh©l” of ©1 ©om ©©© © this 
r%©d©dim©s ©id trim©s of ©@©82 h©©©§©i o©©v©i to form spont©i©us- 
l©on ©©u(lll) surf©®©©©©© in ©w©©p©h(^s simil© to lithium forming ©2 
©id ©3 ©ust© mol©©il© © 7 © 

©%©it ©p©im©its h©© shown th© ©idoh©dr© tr©ismut©ion of ©1 ©© 
m©it ©©1 t©c©pl©®within th©full©©i©©%©whil©it is pr©©i©©l©un©f©©©d ©© 
high-©i©g©n©itron ©^tur©©id jS-©nission ©©its. ©his w© ©©ri©d out on 
non-r©dio©©iv©©d@©82©vhi©i tr©ismut© into ©©@©82 und© n©Utron irr©di© 
tion with ©nission of © jS-p©ti©© © 1 © ©onoisotopi© ^^^©o in m©©os©pi© 
qu©ititi© (mg) of pur©s©npl© of ©o@©82©©02@©82©or ©03@©82 w© ©so 
©©iv©©d with © high n©Utron flux to produ©© st©d© © 2 © ©h©© initi© 
r©ults strongl© sugg©t th© ©idoh©ir© m©©lofull©©i© m©©find ©us©ul 
pi©® in nu©@© m©di©n©in ©w® simil© to ©oron n©itron ©^tur©th©(^© 
(©©©©) © 3 © 

©©i^©© r(^orts on th© ©i©nistr© of ©idoh©dr© l©ith©iid© full©©i© ©m- 
pl©© indi©@t©th© th®©©quit©simil© in r©©©ivit©to th©©npt©full©©i©. 
©ow©©©h©r r©dox ©i©nistr©is v©©ri©i sin®th®©©i ©so g© ©©il©oxi- 
diz©d in ©ntr©t to ©5© ©id ©7© © 3 ©© 4 © ©©®tions with ©disilir©!©©**** - 
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^ or g©*m©iium ©i(Sogs (S5®©id with 

diph©i(Sdi(^om©h©i©@6(§ggiv©w(il-d(^n(sd ©Idition produ©s in ©m©in©* 
simil©* to th©©npt©full©'©i(^. ©his is v©*©©i©)ur%ing in th© th©ri©i ©i©nistr© 
d©ir©op©i for ©npt©full©©i© should ©©^pli©@d©to th©©nov© sp©^© ©© 



2.2 

Endohedral Metallofullerenes Based on Cgo 

@1 ©i©og©to th©sp©©©©il© ph©i©S prop©ti© found for ©5© ©id its d©iv© 
tiv©©©idoh©lr© m©©lofull©©i© h©©gr@© pot©iti© in th©m©©i©s ©id 
©ologi©S s©©!©©. ©h©most int©©ting ©idoh©dr© m©©lofull©©i© ©©lik© 
l©to ©©thos©©©©d on i©s©i©dr© ©6©©©^s©this high s©nm©r©©nf©s its 
sp©©© prop©ti© to th©©npt©full©©i©©®vh©©© high© full©©i© lik©©7©© 
©76 ©©id ©84 h©©not ©© d©nonstr©©d th©s©n©tr©ids. © is th©©or©imp©- 
©iv©th© th©©stru©ur© ©©isol©©d. 

@1 this r%©d©t ^p©©s th© th©©idoh©dr© l©ith©iid©©6© ©mpl©© ©© 
form©d ©©ind©itl©in th©r©istiv©h©©ing m©hod©©ut th©©©©inot ©©isol©©d 
©©@©Us©th©©©©©th© too r©©©iv©or insolu©!© ©x^orts on th©©tr©©ion of 
©idoh©dr© ©mpl©© of ©g© in ©lilin© or p©idin© solutions h©© r©@©itl© 
(^p©©©d ©7©©h©©tr©©s w©©©i©©©©iz©d ©©©©-©©© m©s sp©©ros©p©0 
indi©©ing th©pr©©i©©of su©t©iti© ©nounts of th© © @©g© sp©©© ©nong 
high© m©©lofull©©i©. ©nfortun©©©©w©l-©i©©©©iz©d ©idoh©dr© ©m- 
pl©© of ©6@h©©not ©© ©©©i isol©©d ©5©©8©id it is not ©©t©n wh©h© th© 
sp©^© o©©v©d ©©m©s sp©©ros©p©©©th©int©© full©©i© or d©iv©iv© of 
th©n. © is possi©i©th© ©iilin©or h©drox^©©d ©ddu©s of © @©5© ©©form©d© 
whi©i would not ©©n©@©s©il©distinguish©©l©froni th©p©©it © @©6©©©m©s 
sp©©rom©r© if th© ©dd©ids fr(%m©it ©©il© ©his is th© ©©© for m©i© ©g© 
©ddu©s wh©©th©©6©ions mdc©©©f© th©most int©is©p©dc in ©©©©id ©p© 
©^l©©©-©©©m©s sp©©r© ©©©th(3©s©h©©©ov©r©ults ©©import©it in th© 
th©©indi©©©th© th©©6©©mpl©© ©©vi©d©©ititi©©vhi©i w© not © ©1 ©©- 
t©n for ©long tim© © is us©ul to point out th© th©©©)mpounds suff© th©s©n© 
pr(^©©iv©limit©ions © thos©m©ition©i ©©ov© 

©x^orts on th©form©ion of ©i@©6©or ©i@©7©©©ion ©©©n impl©it©ion of 
th©m©©s into thin films of th©full©©i© h©©(^p©©©d ©8© ©h©©4©©-nm 
thi©c films w©©©i©©©©iz©d ©©©©-©©©©§© ©id ©©n©i sp©©ros©p© ©ow- 

©©©Until r©@©itl©©h©©w© not mu©i support for th© int%rit©of 

th©©m©©i©s. ©h©v©©r©8©it ©<^-©tr©©ion ©id ©©©© isol©ion of ©@©5©- 
©id ©@©7©-©nt©ning fr©©ions ©nstitut© ©1 import©it d©©opm©it ©8©© 
©triguingl©©two fr©©ions of ©i@©6©-©nt©ning m©©i© ©© isol©©d©sug- 
g©ting th© th©©©©diff©©it ©i©ni©S sp©^© in solution(^©h(^s g©i©©©i 
©©post-in©rpor©ion ©oh©dr© fun©ion©iz©ion with w©© or ox(%©i. ©his 
o©©v©ion is support©! ©©th©f©© th© ©npt©©6©is mor©©©il©©tr©©©d from 
th©thin films ©©©(^ th©i ©i@©6©-©nt©ning m©©i©. ©h©l©t© is pro©©d© 
pol©tn©i©to ©l©g©d%r©©in th©solid st©©©id onl©g©s ©tr©©©d upon r©©© 
tion with ©r©v©©©r th©solv©it ©(^. 

© ©1 innov©iv©©p©im©it©iigh-©i©g©^©©©oms%©i©©©! in th©nu©© 
© r©©)il following n©itron ©^tur©of lithium-7 ^©i(* © )^©©8©r©©in©rpor©©i 
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into ©6©mol©^l(^ in th(Sr tr^ffltor©(S©©©h©in(sbrpor©ion w(^ monitor©! ©© 
y-r©©m©g^ur©n©it during ©ution of th©solu(si©©ctr©©;s with ©©©© showing 
high r©iio®ivit©within th©©uting ©6©fr©§tion. ©ow©r©'©th©©nount of ^©© 
in©)rpor©ion insid©©6@is pr(^um©d©low. 

© num©©* of ©^i©r©n©its h©ir©©©©i m©l©in ©idoh©ir^ m©(Slofull©©i© 
r©©©©! ©id th©outlook on th©r ph©i©S ©id ©i©ni©S prop©ti© is v©©©c©t- 
ing. ©ow©r©©t is imp©©iv©to find ©©t© (^pro©Si© to th©r pr^©©ion. © 
s©ith©i©org©ii©^pro©©i to th©©©tr©©iv©©mpounds should ©ing ©pr©© 
ti©S ©isw© to th©limit©ions of th©gr(^hit©©(^or©ion m©hod. ©i©©iu©it 
s©©ions in this ©i^t© pr©©it som©of th©first r©ults tow©ds this go©. 



2.3 

Noble Gases Trapped Inside Fullerenes 

©x^orts of no©i©g© in©brpor©ion insid©©6©©id ©7©^p©©©d © ©©1©© 1©©1 
from th©©©iw©z group ©©©©h©©first ©p©im©its w©©©©ri©d out ©©g© 
ph©©©llisions of h©ium with high-©i©g©©6©©id ©7©r©di©S ©©ions in ©m©s 
sp©©rom©©. ©ons©ju©itl©©h©©idoh©dr© ©mpl©© ©uld not ©©isol©©d in 
m©©os©pi© ©nounts in th©© ©p©im©its. © ©i import©it d©(©opm©it© 
©©md©s ©id ©ross © ©• r(^ort©d th© h©©ing ©©t©lin©full©©i© © 65©© 
und© 3©©©©mosph©© of th©no©l©g©© h©ium©n©n©©gon©kr©pton©Dr 
x©ion r©ults in fr©©ion© in©rpor©ion of th©©©oms insid© th© full©©i© 
stru©ur© ©1© ©his r©n©k©d© tr©isform©ion o©©irs with r©©iv©© low 
©fi©©i©g^ow©©©o giv©m©©i©s with ©imposition of ©idoh©dr© ©bmpl© 
up to ©©1 % of th©tot© full©©i©m©s. © th©pro©©s of in©)rpor©ion©©sig- 
nifi©©it portion of ©6© is lost through pol©tn©iz©ion. ©h©©©bmpounds h©© 
found ©1 int©©ting ^pliffltion in th©^©©©© © sp@©ros©)p©of full©©i©d© 
riv©iv© ©2©©rg©ii©d©iv©iv© of th©^©©@©6©<^©©@©7©(9©id ^©©@©7^ im- 
pl©c© h©©i©©©©isti©^©©i©ni©S shifts du©to diff©©iti(S distortions ©id 
loss of ring ©irr©its of th©full©©i©fr©n©vork ©©th©©ld©i fr%m©it©trongl© 
influ©i©ng th©shi(3ding of ^©©insid©thos©©)mpounds ©2©©his prop©t©h© 
th©pot©iti© of ©©iming ©f©©l©m©hod for th© i©:©©©*iz©ion of r%io- 
isom©-s(3br ©c©npl©if ©is©idu©s ©2d© 

©©@©itl©g)r©n©:k©d© ©iriim©it of th© ©idoh©ir(S ©bmpon©it up to 4©© 
tim© hi ©©©1 r©Siz©d ©©©©©© of th©©6^©r@©6©mixtur©%iving pg qu©iti- 
ti© of ©r@©6©s©npli with gr©©©* th©i 4©% purit©©3©©h©©irr©it d%r©©of 
in©brpor©ion ©©ii©r©d during s©ithiis (©1%) hi ©©©1 ©©©il©©d to ©©f©* 
from ©juiliiium ©4© ©© initio © ©2 ©©©iliions with ©1 ©ct©id©i ©iis s© 
giv© © 2 k©© • mol"^ th©mod©i©ni© ©dv©it(%© to h©ium in©)rpor©ion in- 
sid© ©5©. ©h©©bmput©d ©juiliiium (©©©/©©© or ©©©©/©©©) © 65©© ©id 
3©©©©mosph©i ©c©8©is 1©%. © is ©©©• th© suit©d© ©©©its should ©m- 
sid©©d©in©©i©th©©cp©im©it© in©)rpor©ion ©©ds. 

©n import©it quition r©©r©it to this ©i(^t© li© in th©m©©i©iism of this 
in©brpor©ion r©§©ion©vhi©i ©©1 ©so ©©r©©iz©d in ©pr(^©©iv©w©©©©©©©n 
impl©it©ion ©5© ©h© pr©r©©it th©ir© for th© solid-st©© in©brpor©ion of 
no©©gi© insid©full©©i©©vhi©i is so f© uniqu©to thi©unr©©©iv©©oms© 
h© ©©©1 th© on©or two ©onds ©©©ok©i t©npor©il©to ©low th©no©©g© 
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heat 



([5.6] open) 





Scheme 1. ©^@n©i©r%r^@it@tion of on©of th©possi€i©m©^©iisms involv©! in th©in©)r- 
por©ion of no€i©g(gS^ insid©©^© 



©tom to slip in (©^©n©!). ©nd©* th©high-t©np©©ur©©id high-pr©sur©©bn- 
ditions of this r©©©tion©sri©i:©ion^ distortions of th©©%©must f©ror ©t©n- 
por©©l©igth©iing of th©n©row dist©i©©s(^©©ing two non-©ond©d ©©©on 
©oms. ©his pro©©s h© ©©©i ©S©il©©d © good l©^s of th©r©©id w© giv©i © 
low© ©tim©©of ©2©©k©S mol"^ for th©©©iv©ion ©©ri© ©6©©ow©©©©- 
p©im©it^ ©id©i©©©©©d on no©l©g© r^©©©und© h©©ing sugg©ts th© this 
©©ri© m©©©©mu©i low© © ©©k©S mol"^ ©7© ©his num©©©upport©d to 
som©©t©it ©©©©©©y/©©©© ©S©il©ions©w© t©c©i © ©i indi©©ion th© © 
©©t©©t must ©© involv©d ©8© ©)©ir©si©i© r©di©S ©dditions loos©i th© ©-© 
©onds ©dj©©©it to th©©ddition sit©or t©npor©©dim©iz©ion of th©full©©i© 
in©©©© th©orifi©©siz© © ©i©©©©8gbn^usiv©proof of this m©^©iism h© to 
©©©ought forw©d. ©s possi©l©(^pli©©ion in th©pr^©©ion of ©idoh©dr© 
full©©i©©mpl©© with oth© ©©n©its ©uld ©©©u©©. 

©s not©d ©©ov©©©idoh©dr© no©l©g©-full©©i©©mpounds h©© found © 
sp©^© ni©i©© ©© © pro©© of m%n©i©ring ©irr©its within full©©i©©%© 
©id©© ©r©ult^rovid©©di%nosti©tool for ©i©ni©S ©ddition r©©©ions. th© 
in©rpor©ion of x©ion ©©i ©©in©©©©d to th©s©n©or high© l©^s © th©oth© 
no©l©g©©<^^®©©©© © ©uld provid©dr©n©i©Sl©l©g© ©i©ni©S shift s©isiti- 
viti© ©dding to th©utilit©of th©©©mpounds. ©n th©oth© h©id©h©f©© th© 
th©no©i©^©© do not int©©© signifi©©itl©with th©insid©7T-or©it^ lo©© of th© 
©%©impli© th© th©(3i©ni©© ©id ph©i©S prop©ti© of th©©©mpounds will 
not diff© mu©i from thos©of ©npt©full©©i©. ©his is on©of th©r©©ons wh© 
th©form©ion of ©idoh©dr(S m©(S-©6©©mpl©© r©n©ns ©i import©it qu©t. 



2.4 

Atomic Nitrogen Trapped Inside Fullerenes 

© r©§©it surprising d©(^opm©it is th©p©ti^ in©rpor©ion of th©first highl© 
r©©©iv©(S©n©it©©omi©nitrog©i^nsid©©6©©©©©his n©iv sp©©©©©@©6©©i© 
©tounding st©©ilit©©nsid©ing th© th©nitrog©i ©om insid©it h© th©©omi© 
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qu^t©t ground st©t©(^(^/2) ^ d©©-min(6d ©©©©© impli^ th© th©int© 

rior of ©^©©©id pr(^um©d©of high©* full©©i©(^s ©c©^tion(^l©in©t. ©his ©©i 
©©und©stood ©©th©high ©i©g©r©quir©d to h©©:idiz©©©©:©Dn ©om inw©ds 
in ord© to form ©©ond with th©©idoh©dr(S nitrog©i ©om©©ulting in ©v©© 
unf©or©d©distortion of th©©©©on ©%©©l©©h©©i©g©i©©st of this ©ond 
form©ion w© ©S©il©©d to ©©62 k©S mol"^ ©©th©s©ni-©npiri©S ©©©©©3 
m©hod ©1©© 

©h©form©ion of ©@©6©is ©©ii©©d through su(siim©ion of ©6©insid©©nitro- 
g©i pl©m©tu©©©vh©©©©©i©g©i©nitrog©i ©gtions r©g© with th©full©©i©in 
th© g© ph©© ©h© pro©©d© m©3i©iism ©© whi©i th© ©oh©dr(^l© ©t©^©l 
nitrog©! ©oms ©©©d©o p©i©r©©insid©th©©%© is shown in ©©i©n©2. ©irst© 
©nitrog©! ©om r©®s with ©5© to giv©th©5©-op©i stru©ur© or th©©i^ogous 
6©-op©i stru©ur© ©nd© th© pl©m© ©nditions©h©© ©oms h©© ©lough 
©i©g©to p©s through th©©©ri© of ins©tion to form th©©v(^©itl©©Dund 
©idoh©dr(i ©mpound ©ivhi©i © point©! out ©©ov©h© v©©unusu(S h©©rid- 
iz©ion ©id must th©©or© und©go imm©ii©© homol©i© session of ©oth 
©onds to giv©th©©idoh©ir(S produ© (©@©5©). ©his m©3i©iism is support©! 
©©th©f©§t th© th©©©© sign^ © 26©© for ©idoh©!r(S nitrog©i d©©©©© with 
tim©©;ugg©ting th© it ©©^© from th©©%©unl©s oth© qu©i©iing p©hw©© 
©© op©©ing. ©h© ©©ri© of this ©idoh©!r^-to-©oh©dr^ ©pulsion w© 
©tim©©d to ©©su©t©iti(Sl©low© (4©k©S • mol"^ © 26©©) th©i th© of th©^©© 




(15,6) open) 




1 



2 



X 



N 





3 



4, X = I, SnMe 3 , etc. 



Scheme 2. ©^©n@ti©r%r€S©it©ion of th©pro©@gi©m©^©iism for th©in©)rpor©ion of © 
nitrog©! ©om insid©©6©in pl©m©©cp©im©its 
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©tom r^®©(©©k©S • mol"^ © 63©P©) (^7(^1 ©©©h©*©is ind©©i ©l©'g©diff©*©i©© 
©©tw©©i this “©bv^©itl©’ driv©i p©i©r©ion ©bmp©*©! to th©high-©i©g©pro- 
©©s r©juir©d for th©in©brpor©ion of th©no©i©g©© in whi©i ©bv©©it ©onds 
©©mot ©©form©d t©npor©il© ©orr©pondingl©9©g© ©nounts of ©@©6@m©© 
©)©©)m©©©8©si©l© through ^propri©©g©i©©ion of from d©in©d ©i©ni©S 
pr©©irsors . 

©s inf©r©d from ©S©l©ions©nost light ©©n©its should ©©i©©simil©l©to 
©omi©nitrog© insid©©6©©id form unusu© ©doh©dr© ©mpounds ©1©© 
©h©r form©ion is on©mor©hot topi©of pursuit in ©rr©it full©©i©r©©©©i. 

3 

Ring-Opening Reactions of Fullerene Shells 

©h©form©ion of ©l©g©orifi©©within ©full©©i©fr©n©ivork ©uld ©nstitut©© 
pow©ful m©hod of introdu©ng pr©©ti©Sl©©i©©om insid©th© ©hollow stru© 
tur©. ©ow©©©h©t©k of op©iing ©i ©f©©tiv©^©tur©on th©surf©©©of ful- 
1©©!© h© prov©i V©© ©iil©iging. ©lould this ©© ©Sii©©d©©forming th© 
origin(S full©©© sh© through ring-losing r©§©tions will ^so n©©l to ©© 
©ddr©s©d©id©Sl© ©© ©ploiting th© r©©si©ilit© of th© origin^ ring-op©ing 
r©©©tion(s). ©his whol©g©n©©© ©©©mp©©d - in ©humorous m©n© - to th© 
“©©©!©” g©n©illustr©©d in ©ig. 2. 




Fig. 2. ©h©“©©Qn©” ©i^og©to m©^ ins©tion insid©full©©i© 
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3.1 

First Observation of an Opening Reaction 

©h©(^(g©full^oids(§aid ©)rr(^ponding (^(g©* • • full©'oids su(3i ^ (©3i©n©3)© 
©•©th©first (sbmpounds to ©n©od©©i op©iing within th(Sr sh(^l in th©form 
of ©on©©ond s(^ssion (s©©pp. @ this volum(^. ©ow©ir©-©h©©0irit©is ©)mpl©(S© 
©)nstr^n©l ©©th©proximit©of th©©t©Si©d ©ridg©©id ©ridg(^©©i ©©-©ons. 
© ©r©dcthrough in this s©©:^ w©^ ©Sii©ir©d wh©i © udhs group o©s©*v©d th© 
©©ull©oid r©§©s in © r%ios©©©iv© ©Z + 2©©§So©ddition r©§©ion with 
singl© ox%©i (^© 2 ) ©2©©his indu©© th©pr©©©iti© form©ion of ©diox©©i© 
int©m©di©© spont©i©busl© r©©r©iging to th©k©ol©©©n . ©h©ll-m©n- 
©©•©d ring op©iing in - ©though r©© © shown ©©th©sp©©©filling mod© in 
©©i©n©3 - is r©h© sm©l ©id st©i©©l©hind©©d. @1 ©1 ©t©npt to ©tim©©th© 
©f©©iv©siz©of th©©©rit©©©:pulsion ©p©im©its - th©r©©s©of ins©tion - 
w©©m©d©with ©idoh©dr©l©^©©l©©©©d ©3©©©©ing of !©©©©d in solution 
up to 2©©© did not show ©i©©©^©of ^©©(v©i d© © ©©s r©dius = 1.2 A) © 
r©©©©d ©©^©©©© ©. 



.. © ..0 

MEM— N=N^N: 

Ceo ► 



(MEM = ) 





Scheme 3. ©)rm©ion ©d sp©@©filling r^r©©it©ion of th©first ring-op©i©d full©©i© . ©h© 
v©i d© ©©^s r©iius of ©1 ©©©on ©oms w©fe r©du©gd to 88% to ©@8©itu©©th©siz©of th© 
op©iing; th©insid©of th©©©rit©is illumin©©d for ©g^i© visu^iz©ion 
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Other Restricted Openings 

r(^orts on th©form(§tion of op©iings within full©-©i©sh^ls h©ir©(^p©©- 
r©l sin©©© udFs first ©bmmuni©©tion (^4©©nfortun©(S©©ion©of th©n - ©c©^t 
for - h©ir©m©(3i©d th©^f©©tiv©op©iing siz©of k©ol©©t©n ©©©^s©th©©©'© 
(SI ©t-idg©d ©©on©or two ©oms. 

(©1 ©r©©©it ©c©npl©©©irs(Si © ©. found th© th©r%ios©©©ivit©of two ©id© 
(Additions to ©g© ©©i ©© ©)ntroll©i to giv© th© op©i©l ©siminofull©©!© 
(©Si©n©4) ©4 ©©©ft© th©initi© mono©ddu© form©ion (6(©-©os(sd)©h© 
s©©)nd ©idition of ©id©o©©irs prim©il©© th©***-l position(©vhi(Si is unusu© 
in r©p©© to th© in©©8©si©ilit© of this sit© in oth© ©©So©dditions. ©h© first 
©iridin©nitrog(©i is sm©l ©lough to ©low (Addition of th©in©bming nitr©i©or 
©id©© th©***-l sit©di©p(fid in p©t ©©f©ror©d©©©© © (sb©fi©©its © this 
dou(sl©©ond. ©©n©k©d©©h©two (a5©(s)©onds in th©prim©©©isiminofull©©i© 
op©i up to ©ford th©first ©©npl©of ©s©t©n ( ) h(©ing (§5(i©ring jun© 

tions ©ok(©i. ©h(sXsbrr©ponding 14-©om op©iing in is quit©l©g©(not (sbunt- 




Ceo 



S 

([6,6] closed) 




.. © .. 

R02G— N=N=N 



A (-Ns) 

R = Et, t-Bu 



RO2C-N3 

(-Ns) 





Scheme 4. ©ddition of two ©id© to ©g©* •• th©int©m©ii©©©®©^os©i ©iridin© to giv©th© 
first ©(®©©®©op©i stru©ur© 
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Fig. 3. ^©©©filling r%r©S@it©tions of th© ring-op©i©d full©*©!©^ ©id . ©©id©:ing 
options ©■©th©s©n©©S in ©di©n©3 



ing th©©i:idging ©-©© 2 © moi©i(^)®6Ut unfortun©(^©it is o©stru©©i ©©th©two 
imino ©ridg^ (©ig. 3). 

©uh © ©•©4©§§8® w©l © ©h©i © ©. ©4d(§Si©©©©ri©i out simil© ©s©i- 
ditions involving two ©id©groups th© ©©ti©l tog©h© with ©short ©k© ©i©n 
© in ©mpound (©©i©n©5). © this ©©©®ioth© t^©of ©s©idu© is form©! 
( ) with ©13-©om orifi©©(not in©uding th©©idging -©©© 2 ©(©n) 2 ©© 2 ©- 

moi©©) n©t to th©©©©©©©©os©i di©iridin© . ©ir©© ©nv©sion of to 
th©©©©©©©op©i s©t©n ©©h©©ing w© not o©©v©i. ©ons©[u©itl©©h© 
©©©©©©ring op©i©i ©s-©©ull©oid must ©©form©! dir©©l©from th© 
int©m©ii©©©s-tri©olin©©idu© in ©m©©i©iism simil© to th©on©r©©©! ©© 
©udl in © 1 ^ 5. 

©9©or © ©• found th© spont©i©)us oxid©ion of ©ig®?© ( ) in ©r l©©is to 

(sh 8 © 7©©4 ( )©©lumin©©©it ©mpound whi©i w© ©sign©! th©©s-l©©on© 
stru©ur©shown in ©©i©n©6 ©©©! on ©©© ©id ® d©©(13-©om orifi©©not 



Ph 




Ph 

(10) 



Ceo 



N3 N3 
A(-2N£) 




+ 



11 

([6,6]/t6,6] closed) 
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([5,6]/[5,6] open) 




Scheme 5. ©ddition of ©®isi^id©to ©6© to giv©th©@®©@©©op©i ©is'^iSullQ'oid 
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Scheme 6. ©xid^ion of ©hg©7©( ) to ©hg©7©©4 ( ) 



(Shunting th©(s^idging -©©©- moi©ti(^) (^5©©s pr©^rsor h(^ ©i ©lO^g^iOS- 
l©unf©iror©d©(^(©©dou^©(6)ond©w^hi(di would f©iror ox(%©i addition © this 
lo©©ion (a5©©©ing op©iing of © put©iv© diox©©i© int©m(sdi©© (^d (sx§0©- 
© illig©-t^©oxid©ion of th©r©ulting dik©on(s)pr©um©d©(©‘fords th©(sis-l©© 
ton©r%ioisom© h©iring ©signifi©©it ©©rit©((sig 3). ©ow©ir©(slin(6l[juivo©S 
proof of this stru©ur© ©v(^ts © singl© ©©st(S ©-r©© stru©ur© d©©min©ion 
sin©©th©©is pr©©itl©no ©©-t(Snt©for th©(©c©© lo©©ion of th©two l©©on© 
(©ridg©. 

©oth t©p(^ of r©tri©©l op©iings in ©bmpounds ©id (©ig. 3) provid© 
illustr©iv© (©c©npl© of th©(§Urr©it diffi(©ilti© ©i©)unt©©l in op©iing r©§© 
tions. (©1 prin©pl©8©i (sddition(S imino ©'idg©©©! ©©pl(s©gd © th©third dou©l© 
©ond of ©siminofull©©!© to giv©th©l©g© op©iing of stru©ur© (©ig. 4). 

©ow©ir©©h©© too(6)th© nitrog©! (©ridg© (sbnstr©n th©©©rit©to ©v©©l©g© 
(©ct©it. ©mil©l©^n th©©s-l©©on© (^ossi©l©©©©or©ion of th©stru©ur©(s© 
©t© ©©©r^©©id d©@©*(s)ox©©ion/oxid©ion r©§©ions m©© provid© ©08©s to 
mor(©wid©©op©i(6d full©©i©sh©ls. ©h©©©id m©i©oth© possi©iliti© off© ©n 
(©c©ting pl©%round for im(%in©iv©(^©ni©S (©cplor©ions. 





Fig. 4. ©ru©ur©©id sp©@©filling r^r©©it©ion of th©h€poth©i©^ ring-op©i©i full©©i© . 
©©id©ing options ©©th©s©n©© in ©^©n©3 
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3.3 

Openings Covered by a Metal Atom 

©1 © s©©i©:io simil©* to th© form©ion of ©@©6©(©3i©n© 2)©ins©'tion into 
full©*©i(^ is f©^lit©©l ©©h©iring th©m©(3 ©)v^©itl©©ond©l to th©rim of th© 
©0irit© @1 ©ddition©th©form©ion of th©m©(S-©©'©on ©)v(S©it ©onds ©©i ©© 
©iv©it%©)usl©(§ff©@t©l ©©oxid©iv©ins©*tion of th©m©^. ©his prin^pl©w^ 
d©nonstr©©i r©8©itl©©©our group with th©dis©)v©*©of ©v©*©f©^l©s©iu©i©© 
of ©ond s(^ssions involving p©'i©^i©©id m©^ ins©tion r©g©ions ©6©©h© 
so-f© l©g©t form© ring op©iing - 15 ©oms without ©)unting th©© 4©4 ©id ©o 
©idg© - w© g©i©©©i © th©©©©t((§8^ ©mpl© h©ing th©m©© ©- 
t©©i©i on top of th©op©iing (©©i©n©7). ©his ©mpl© is th©fin© produ© of ©i 
ov©©l s©ju©iti© tripl©s©ssion of ©6-m©n©©©i ring on ©g© ©fording th©15- 
m©n©©©i ring op©iing©vh©©©s)th©©nv©sion of di©i© to th©©sfull©oid 
involv© ©r©ro © + 2 + 2©©§©iz©ion st(^ (©©i©n©8). ©vo of th©thr©©5- 
m©n©©©i rings surrounding th©origin© 6-m©n©©©i ring op©i up during th© 
©nv©sion of int©m©ii©© to th©©isfull©oid ©vhil©th©l©t ©ond s©ssion 
o©©irs during th©oxid©iv©ins©tion st^ with ©©©t((^ to ©ford 

© g©i©© diffi©lt©in full©©i©©i©nistr©r©id© in th©stru©ur© ©i©©©©- 
iz©ion of n©v ©mpounds. ©ontr©©to most ©iph©i©or ©om©i©©mpounds 
wh©© ©nn©©iviti© ©©i ©©d©iu©©i r©©iil© from ©-© ©upling d©©©©©- 
©on-©©©on ©nn©©iviti© in full©©i© fr©n©vorks ©©mot ©©dir©©!©©©©- 
t©n©d on ©routin©©©is from ^^© ©© © ©p©im©ts unl©s r©©urs©is m©d©to 






©id 



Scheme 7. ©©ith©is of th©©)©dt(®8$ ©)mpl©c© 



19a, R = H (40%) 

19b, R,R = cis,cis- 
(-HC=CH-HC=CH-) (65%) 



Ring Opening Reactions of Fullerenes: Designed Approaches to Endohedral Metal Complexes 



81 




Scheme 8. ©©diQiism of th©©)nv©'sion of ©)mpound 16 to th©©isfull©'oid 18 



©cpOisiv©®©©©©©©©© or ©©©©©© ©cp©*im©its using ^^©-1©©^©! m©©*!© 
©7©©s ©©)ns©ju©i©@©©nm©r©©id r©0©ivit©©©©)mmonl©us©i © ©r©im- 
st©iti© ©rid©i©©of stru©ur© int%rit© ©h©stru©ur©of ©)mpl©c ©)uld ©© 

un©juivo©Sl©©)nfirm©l ©©singl©©©t© ©-r©©©©t©logr^h©(©ig. 5). ©V©i 
though th©© 4©4 ©idg©(©!-©4) ©>nstr©ns its ©©rit©©this stru©ur©h© its 
©)©©t ©om id©Sl©s©©©i on top of th©orifi©©of th©©%©©v©ting for ins©tion 
into th©full©©i©p©iding prop© ©©iv©ion. ©©r©© ©t©npts to ©f©© ©)©©t 
ins©tion h©r© ©©©i p©form©i©in©uding high-t©np©©ur© h©©ing of th© 
©©t©s up to 4©©P© ©©or und© high pr©sur©©8© ©om th© h©©i-to-t©l 
©r©ig©n©it of mol©©il© in th©©©t© (©ig. 5©©ottom)©t w© h©poth©iz©d 
th© ©©t© vi©©ions©n ©ddition to intr©nol©©il© vi©©ions©©)uld promot© 
th©m©© ins©tion pro©©s © high© t©np©©ur© ©id pr©sur©. ©ow©©©his 
w© not found to ©©©f©©iv©und© th©^pli©d ©nditions ©©8© 

©lt©n©iv©©Olv©h©©©plor©d oxid©ion©©du©ion©r photo ©i©ni©© r©©© 
tions to indu©©th©©©Sop©it©di©i© lig©id (©p) to d©©3i its©f from th©m©©. 
© (^p©©s - not un©p©©©dl©- th© th© ©@Sop©it©di©i© lig©id is ©©iti©S 
p©©n©© to pi©© with ©©@©is©it is strongl© ©ound to th©©©©t ©om. ©or© 
r©@©it work in our l©©or©or©h© ©low©i th©pr^©©ion of ©mpound 
(©©i©n©7) h©ing th©mor©l©©il©ind©i© lig©id ©©©©©©h©l©t© und©w©it 
f©^l©loss of ind©i©upon h©©ing in th©©©t©lin©st©©© found ©©©©© ©id 
©©©. ©nfortun©©©Soss of ind©i©w© ©so ©©gbmp©ii©d ©©r(^id solid st©© 
pol©tn©iz©ion ©fording intr©©©d© m©©i©. ©x©nin©ion of th© th©m© 
©i©nistr©of ©©1©© d©orption m©s sp©©ros©p© did not indi©©©th© 
g©i©©ion of ©o@© 64©4 or ©o@©g©. 
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Fig. 5. ••• ©-r©©stru©ur©of ©)©^t ©)mpl©c in ©sh©i©i ©^l-©id-sti^ r^r^©it©ion. 
©ot©th© th©©©*©on ©oms ©l -©4 w©©p©t of th©origin© ©©^oh©c©ii©i©ring in ©)mpound 

. ©h©isol©©i 5 -m©n©©-©i ring is th©©)©©t-©)mpl©c©i ©@^op©it©ii©i© lig©id. 

©©^ing stru©ur©of in th©©©t© showing th©©os©proximit©©©w©©i th©©p lig©ids 
©id th©full©©i©©64©4 moi©i© 



4 

Potential Mechanisms for the Formation of Effectively Large Openings 

©n©of th©prin(^p(S r©©ons for th©diffi©ilt©of ins©*ting ©)©dt into th©full© 
r©i©©%©of ©)mpl©c^ ©id to do with th©sm^l (^f©©iv©siz©of th© 

orifi©© ©©1 ©© s©©i r©©dil© from th© sp©©© filling r(^r(©©it©ion of ©ig. 6. 
©)©©©is©th©© 4©4 ©i:idg©in ©bmpl©c hind©*s full ©cp©ision of th©op©iing 
in th©s©n©w©©©^ in ©bmpounds © ©©id ©iv©h©ir©st©:t©d to inv(©tig©© 
mor©^f©©iv©m©^©iisms for ring-op©iing r©§©ions. 

©n intriguing m©3i©iism w(© r©©©itl© propos©d ©©(diijun ©h©ig in our 
group©vh©'©©©th©lig©id is us©d (© ©t©npl©©to dir©© r©di©© or ^©©rophili© 
©dditions of two groups © th©full©'©i©** ^-h©©ridiz©d ©©-©ons dir©©l©©t©©i©d 
to ©b©dt (©igs 6 ©id 7) ©:©©©! ©bn©irr©i©©with this h©poth(©is©th©©©© © 
©b(©fi©©its © th©© ©©-©ons ©© signifi©©it ©^ found ©© ©© 3 ©©©il©ions. 
©urth©*mor©©inking th©lig©id to th©full©*©i©©br©^f©©iv(S©lo(^s th©m©© 
into pl©©©di©ring no oth©* w©©to go th©i insid©th©full©©i©if h©© ©id/or 
pr©sur©©©^pli©d. ©ppro©©i© to this t^©of ©bmpl©c© ©©©irr©itl©©©ng 
pursu©d in our group. 
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Fig. 6. ©tru^ur(g^ ©Lid filling r^r^Qit^ions of th©^©^t ©)mpl©c from its ©-r@© 
stru©ur©©)ordin©^®id th©©© 3 @^©il©©i ©)©^t ©)mpl©c ^or whi(^ th©©p or ind©i^ 
lig©ids ©id ©)©^t ©oms h©ir©©©©i r©nov©i to show th©op©iings. ©h©v©i d© © @©s r©iius 
of ©1 ©©©on ©oms w© r©du©Sd to 85* to ©©8©itu©©th©siz©of th©op©iings; th©insid©of 
th©©©it©is illumin©©! for ©©i© visu©iz©ion 




Fig. 7. ©© 3 ©^©il©©d stru©ur©of ©©©t ©mpl© ©id ©©© © or©it©s of (©© 3) 
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4.1 

Openings Resulting from Unhindered Retro [2 + 2 + 2] Reactions 

©h©m®3i^ism op©-©ing in pr®i©Sl©^l known of op©iing r©g©tions 
©bnsists of ©(sbn©©*!©! ©Z + 2 + 2©six-m©n©©'©l ring op©iing illustr©©! ©©th© 
tr©isform©ions !©©iing to ©bmpounds © © ©©id . ©©©>rdingl©©this 

m©^©iism (^p©©'s to ©©th©most pow©'ful tool in op©iing rings within full© 

r©i©sh©ls©©id its ©cploit©ion in forming op©iings is indisp©i- 

s©d© ©his m©^©iism op©*©(^ © v©ious d%r©© of ©©-©on oxid©ion st©© 
(••2 Qj. ..3^ provid©d th© highl©©©it ©k©h©moi©i© ©©not form©! in th© 
©ond r©©r©ig©n©it pro©©s. ©^ on©©©nin© th©l©t© possi©ilit©on ©6©its©f 
(©©i©n©©)©t is r©©iil©d©du©Sd th© this op©ing r©§©ion is l©g©©unf©or©©l© 
© ©S©il©©d ©©©© 3. ©his m©^©iism w© not ©©nin©d in th©p^©s ©©©hi© 
© ©. in r%©d to th©ins©tion m©©i©iism of no©©^©© insid©full©©© ©6©8© 
©ow©©©it is unlik©©to op©©© in vi©v of its high ©©g©i© ©st©unl©s 
pr©©ur©ion of on©or mor©©©©ons o©©irs © th©6-m©n©©©i ring vi©r©©- 
si©©©iditions of r©ii©©s or ox%©i © h(^oth©iz©i for th©on© or two-©ond 
m©©i©iisms ©6©8© 

© ©ntr©t to th©©©ov©pro©©s(^©ti©l©s©ur©©i 6-m©n©©©! rings © in 
©mpounds or (©©i©n© 4 ©id 8) und©go ©i©g©i©©l© f©or©d© 
© + 2 + 2© ring op©iings. © on©©©i go © f© © s©ur©ing ©1 ©©©ons of © 
6-m©n©©©! ring©h© ring-op©iing r©0©ion l©©is to ©i unhind©©! orifi©® 
provid©! th© th©©©©no ©idging groups to ©nstr©n it (©©i©n©l©). 

©his situ©ion w© ©©nin©d th©r©i©©l©with th©©6©©6 mod© ©mpound 
©id its m©h©©©i ©i©og (©©©©1). ©s ©©i ©©r©©iil©s©©i from th© 
©mput©! diff©©!©© in h©©s of form©ion©p©ing of th©l©©©©©-h©©i© 
dro©©©ull©©i© in two diff©©t w©© shows th© it should ©©©i ©do- 
th©mi©pro©©s. ©h©two possi©©mod© of op©ing ©rr©pond to ©Dnd-©©dc- 
ing ©©ts © ©th© ©©©or ©©©ring jun©ions©©m©i 6- or 5-op© for th© 
purpos©of this ©^t©. ©h©l©t© is not un©p©©©dl©mor©f©or©gl©©©©©s©it 
involv© ©©dcing a-©onds © fus©d 5-m©n©©©d rings whi© ©©mor©str©n© 
th© 6-m©n©©© rings. ©©©rdingl©©)p©ing ©©gi© for th©5-op© stru©ur© 
r©g©from ©©to 2©2 k©©-mol"^ © ©© !©©©3©©d ©©initio ©©©3-21© 




Scheme 9. © + 2 + 2©ring op©iing of ©6©l©Q!ing to tri©© ©id sp©©©filling r^r©©it©ion 
of th©©© 3-©^©il©©i stru©ur©of tri©© . ©©d©ing options ©©th©s©n©© in €©©n©3 
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21a, R = H 
22a, R = Me 



21b, R = H 
22b, R = Me 






Scheme 10. ^ + 2 + 2©ring opQiing of ©!©©©©(§-h©c^(§dro-d©'iv©iv©of ©6©^ ©pot©itM 
©itr©into ©idoh©ir^ m©^lofull©-©i^ 



Table 1. ©^©iv©s©ni-©npiri©^ (©© 1©©©3) ©id ©©initio (©©©3-21©) h©©s of form©ion 
for !©©©©©-h©c(di©iro d©'iv©iv^ - ©!©©©©©-h©c©n©h^ d©-iv©iv^ - ©©id 
stru©ur^ - involv©! in th©^ -H 4©©©^iz©ion of ©di©n©8 @2© ©11 ©i©-gi^ ©-©giv©! 
in k@^ mol“ ^ ©h©©© initio ©^©il©©d g©bm©ri^ for - ©-©shown ©©ow 




©tru©ur© 


©© 1 


©©3 


©©©/3-21© 


©=© (• 3„) 


(©os©d) 


© 


© 


© 


(5-op©i) 


+ ©© 


+ 14.1 


+ 2©2 


(6-op©i) 


-H64.1 


+ 56.3 


+ 76.8 


©=©©3 (. 3^) 


(©os©d) 


© 


© 


- 


(5-op©i) 


-36.4 


-1©4 


- 


(6-op©i) 


+ 8.3 


+ 16.3 


- 


©64©4 (• s) 


(di©i^ 


© 


© 


- 


(©is©©^oprop©i^ 


+ 27.6 


+ 27.© 


- 


(©isfull©-oid) 


-24.© 


-13.5 


- 
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l©ir^s(Q>\rhil©op(^ing ©i©*gi^ for th©6-op©i stru©tur© ©'©3©-55 k©S • mol"^ 
high©:. ©Ithough th(^© ©i©*gi^ h©ir© to ©© tr©©©l with ©©ition @©6©th©r 
m(%nitud©©r©©i©indi©©(^ th© th©simpl©l©©©©©-h©c(di©iro(g5©d‘ull©©i© 
will pr©um©d©not ©©th©right ©©idid©©for th©unhind©©i ©+2+2©ring 
op©iing pro©©s. ©Urth©mor©©h©orifi©©©*©©©l ©©th©15-©om op©iing in 
m©©not ©©wid©©iough to ©low ©m©© ©om to p©s through ©g^il©(©g. 8)© 
©id th©s©hth©is of l©©©©©-h©c©i©iro(96©©ull©©i© pos© ©©)nsid©©d© 
©i©l©ig©owing to th©g©i©© d©i©drog©i©iv©t©id©i©©of its !©©3©1©2©© 
©id l©©8©2©3©6-isom©s ©id simil© h©irid© ©1© 

©onsid©©d©l©g© ©©riti© ©©i ©©o©©n©l ©©r(^l©©ng th©h©irog©is of 
with mor©st©i©©l©d©n©iding ©id©ids©or ©©npl©©n©h© groups © in 
(©©i©n©l©©©ig. 8). © hil©©© initio m©hods ©rr©©l©pr©li© sm©l diff© 
r©i©© in ©i©gi© ©©w©©i th©isom©s of © 6©©4 or © 6 d(©© 2)2 ©l©3©©h©©©© 
©mput©ion©l©d©n©iding ©id h©©not ©© ©©©i ©©ri©l out on th©m©h©- 
©©1 s©i© - . © ©!©©©©©h©©© 3 s©ni-©npiri©S m©hod ^p©©s to giv© 
r©i©d©r©ults within ± 2 k©S mol" ©l©3©©id ©©i ©©t©c©i © ©i indi©©ion of 
g©i©© tr©ids. ©s ©p©©©l©h©©© 1 ©id ©© 3 ©i©gi© of th©op© stru©ur© 
©id ©©©nsid©©d©low© (©4©55 k©S-mol"0 th©i th©r ©unt©- 
p©ts ©id ©id©©©%©n©h©5-op©i stru©ur© is mu©i mor©f©or- 
©1 th©i th©6-op©i ( ) ©©© l©©t 36 k©S • mol"h ©s ©©ns©ju©©8^h©5-op©i 

stru©ur© li© 36.4 ©id 1©4 k©S-mol"^ low©©©p©©iv©©©h©i th©©os©l 
stru©ur© 

©3r ©Si©©ion with ©i ©p©im©t©l© ©nfirm©! © + 2 + 2©ring op©iing 
pro©©s©th© stru©ur© of th© ©mpounds involv©! in th© © + 4© ©§Siz© 
tion/© + 2 + 2©ing op©ing r©©r©ig©n©t of ©§^oh©©ii©© to ©sfull©oid 
h©©©9©i ©S©l©©i (©©i©n©8©©§d©l). ©h©© + 4©photo©§Siz©ion st(^ 




Fig. 8. ^©@©-filling r%r©©t©ions of ©mpounds ©id . ©h©v©i d© © ©^s r©iius of 
©1 @©©on ©oms w© r©iu@Qi to 88% to ©@8©itu©©th©siz©of th©op©iings; th©insid©of th© 
©©riti© ©©illumin©©! for ©©i© visu^iz©ion 
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Scheme 11. ^ + 2 + 2©ring opQiing r©0@tion l^Qiing to unhindQ-@i orifi@^ 



( to ) go(^ uphill ©t ©oth s©ni-©npiri(9S l©r(Ss(9©id l©*g(S© downhill to th© 
(§Z + 2 + 2©ring op©i©l produ© ©in good (%r©©n©it with th© ©cp©'im©it(S 
o©s©*v©ion. ©in©©int©'m©di©© h^ n©irO' ©©^ o©s©'v©d ©cp©'im©it(Sl©^t is 
(S©©' th(© it und©*go^ @ + 2 + 2©ring op©iing with © l©:g© th©'mod©i©iii© 
©dv©it(%©8©)rro©or©ting th©©S©il©t©d v^u(^. 

© ©©1 ©©inf©'r©d from th(^©©S©il©tions th©t 5-op©i stru©ur(^ with su©- 
stitu©its l©:g©' th©i h©irog©i will ©©form©d from th© ©brr(^ponding 1©©© 
4©©-h©c(di©dro d©'iv©iv^ with ©solid th©*mod©i©iii©©dv©it%© ©ow©ir(©'© 
th©”©is ©©bnsid©'©d©©i©l©ig©in s©hth(^izing su©i str©n©d s(e^t©Tis. ©h©six 
su©stitu©its of th©©os©d stru©ur(^ ©id ©*©©1 ©Sips©l©©nounting to 
su©st©iti© st©*i©©^h(^. © six groups ©*©to ©©pl©©©i on ©singl©6-m©n©©'©l 
ring in on© or through multist^ r©©©ions ©© ©ddition to th© thr©© dou©l© 
©onds©Strong “in©©itiv(^” for th(^© groups not to r©©© with ©dj©©©it dou©l© 
©onds (©g. •••-2© ••-3) h©r©to ©©provid©d. ©n ©c©npl© following this pr©©^t 
is shown in ©©i©n©ll. ©©-©©SI thr©©©dding groups (di©i©©l©-dipol©©© + 2© 
p©'tn©'©©© ©-©ti©! tog©h© in ©m©©*o©©©i©stru©ur©©©ulting in good 

pr©3rg©iiz©ion in ©1 of th©thr©©tr©isition st©© l©©ding to th©©ddition r©©© 
tions. © ©©©©irr©itl©©c©nining s©r©© s©t©ns utilizing this prin©pl© 
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Conclusion 

©h©©pir©ion of pr(^©ing th©first m©©*os©)pi©©nounts of ©idoh©lr© m©©- 
lofull©©!© h© ©©©1 p©tl© fulfill©! ©©th©^pli©©ion of th©©©©r(^or©ion 
m©hod or ©©ins©tion of no©i©g©© or ©omi©nitrog©i in full©©i© und© 
high-©i©g©©)nditions. ©i spit© of th©©import©it r©ults©h©stud©of th©r 
©i©ni©S ©id ph©i©S prop©ti© is just ©%inning to ©n©g©owing to th©s©©*- 
©©©/^©l©©ilit©of th©©©)mpounds. © ost signifi©©itl©8©idoh©dr© m©©lofull© 
r©i© ©©©! on ©6© ©©not ©© ©i©©©©iz©i. ©s © ©ms©iu©i©©©finding mor© 
pr©©i©S m©hods to o©©n th©© ©impounds in high in©irpor©ion or pr© 
p©©iv©©©ds is of utmost import©!©© 
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(§Z + 2 + 2©©ing-opOiing r©®ions offe som©of th©pot©iti(Sl©most impor- 
t©it ©itri(^ into pr^©'©iv(S© us(^ul ©id v©*s©il©w©gS to form ©idoh©ir© 
m©©lofull©*©i(^. ©©r©-© pro©l©ns still h©ir©to ©©©idr©s©i in ord© to form 
wid(S©op©i orifi©©©©it th©©do not s©©n insurmount©d© ©@©i©S r©Siz© 
tions of th©r©ro © + 2 + 2©ing op©iing on th©str©n©i ©is-©©Soprop©i© or 
©isziridin© indi©©©th© prop© d©ign of ©iding groups ©buld l©©i to un- 
hind©©! op©iings. ©v^©i sm©l© unhind©©! orifi©© ©©i ©©©il©g©l through 
th©m© ©©iv©ion©n ©1 lik©in©s ©sist©l ©©int©m©li©©r]^(^^©j^-©mpl©© 
tion of th©thr©©orifi©©©=© ©onds to th©m©©. ©i©i int©m©li©©©mpl©© 
tion ©uld ©p©id th©orifi©©to ©point th© ©lows th©m©© to slip insid©th© 
full©©i©und© prop© th©m© ©©iv©ion ©id/or pr©sur© ©urth©mor©©nost 
m©©s should ©ind mor©or l©s strongl©to th©insid©full©©i©©©rit©©6- 1©©© 
providing th©mod©i©ni©in©©itiv©for m©© ins©tion. 
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1 

Introduction 

eterofullerenes (“ opey 11s”, “heterohe r 1” fullerenes) re fullerenes in 
which one or more c r on toms th t form the c ge structure is repl ce y 
non-c r on tom, i. e. hetero tom. ullerenes re efine y s poly- 

he r 1 close c ges m e up entirely of three-coor in te c r on toms n 
h vingl2pent gon 1 n ( 12-1 ) he gon If ces, where is equ Itoorgre - 
ter th n 2 . r on c ges th t o not fulfill the requirement re referre to s 
-fullerenes; the hetero- n logues of such structures eing hetero- 
fullerenes n they will not e reviewe in this ch pter. ince most inorg nic 
(non-c r on) c ge n cluster structures o not fulfill the requirement, these 
compoun s re Iso not consi ere here, hus, this review concerns m inly 
hetero- n logues of 6 fullerene ( uckminsterfullerene 5 ) 1 ^ ^ fullerene. 

nl l,6ye rs fterthee periment 1 iscovery of the fullerenes 1 n one 
ye r fter the iscovery of metho for ulk prep r tion of fullerenes 2 , the 
first spectroscopic o serv tion of g s-ph se form tion of heterofullerene ions 
w s reporte y the m Iley group 3 . ery soon there fter, other groups foun 
spectroscopic evi ence for g s-ph se heterofullerene ion form tion n some 
theoretic 1 stu ies concerning the electronic structure n thermo yn mic 
St ility of heterofullerenes emerge (see ect. 5). rom the eginning, hetero- 
fullerenes h ve een consi ere s interesting molecules n m teri Is, m inly 
ec use it w s envisione th t through mo ific tion of the c ge structure, sig- 
nific nt mo ific tion of geometry, chemic 1 function lity n electronic ch r- 
cter of the fullerenes woul occur, onsequently, it w s nticip te th t these 
heterofullerenes shoul e hi it v riety of properties, e.g. supercon uctivity 
(le ing to supercon ucting m teri Is with improve thermo yn mic st ility) 
or here electroneg tivity (m king them interesting c n i tes for photo- 
io e- se evices). 

n 1 5, three chemistry rese rch groups foun in epen ently th t, uring 

m ss spectroscopic n lysis, cert ine ohe r lly nitrogen-cont ining 6 fuller- 
ene showe efficient g s-ph se re rr ngements to 6 fullerene 

ions 4-6 . se on the g s-ph se o serv tion n fter r tion li tion of the 
events th t t ke pi ce uring the re rr ngement process, the first n highly 
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efficient synthetic metho for the ulk prep r tion of 6 fullerene w s 
evelope in nt r r ( ) in 1 5 7 . oon there fter, the irsch group 

succee e in converting their g s-ph se process into prep r tive metho 8 . 
hese evelopments h ve en le scientists to synthesi e n stu y v riety of 
6 - n 7 fullerene compoun s. ince there re no such synthetic 
metho s for other fullerenes to te, fullerenes re y f r the most stu ie 
heterofullerenes until now. ence, this review concerns m inly the prep r tion 
of 6 fullerene n its eriv tives ( ect. 2), 7 fullerene n eriv tives 

( ect. 3), n the properties of 6 - n 7 fullerene compoun s( ect. 4). 
n ect. 5, we will summ ri e the work concerning presently o serve or con- 
si ere (m inly 6 -) heterofullerenes other th n 6 - n 7 fullerene. 

Ithough the fiel is very young, num er of reviews concerning heteroful- 
lerenes n hetero tom-cont ining versions of c r on n notu es h ve ppe - 
re recently, n some of these, with v rying success, efforts h ve een m e to 
cover the whole re -12 , in others only p rt of the fiel is concerne 
13-15 , while in some rticles the uthors summ ri e their own work on 
heterofullerenes Imoste clusively 16-21 . 

henomencl tureth th s een use for fullerenes, fullerene eriv tives, n 
heterofullerenes, h s een until now r ther h ph r . n this review, we will 
gener lly try to comply with the 1 test nomencl ture, s escri e in the 

rticle y o ly n ylor 22 . 

2 

Synthesis of Aza[60]fullerene 



2.1 

Introduction 

he potenti 1 influence of su stitution of c r on tom y nitrogen tom in 
the 6 c structure on its electronic n optic 1 properties h s ttr cte the 
theoretic 1 interest of consi er le num er of scientific groups since 1 2. 

eutr 1 6 fullerene ( 2 -1- 5,6 fulleren- -yl) is n open shell 

molecule uetothetriv lency of nitrogen le ving “ ngling on ”on n j - 
centc r on tom in thee ge (structure in ig. 1). 6 fullerene in the first 

o i i e St te is sometimes c lie 6 fulleronium ( oni 5,6 ful- 

lerene- 6 ■ )> for which one reson nee structure is shown (2, see ig. 1). 




Fig. 1. mport nt reson nee structures of 
ium (2) 




6 fullerene r ic 1 ( ) n 6 fulleron- 



6 



. . ummelen et 1. 



he first prep r tive efforts, using the rc- isch rge metho in n tmos- 
phere of helium n nitrogen, mmoni , or methyl mine, followe y 
n lysis of the toluene e tr ction of the result nt soot, pointe tow r s the 
form tion of sever 1 nitrogen-cont ining heterofullerenes, ut not 5 23,24 . 

s-ph se form tion of 5 ( s 5 w s first reporte y hristi n et 1. in 

1 2 25 . n e periment in which ion e m w s colli e with n ev por - 

te mi tureof ^ n 7 (~85 15) n the collision pro ucts were collecte y 

the ion gui e n m ss n ly e y ou le-focusing m ss spectrometer n 

counte y n on- is ly etector, yiel e evi ence for the form tion of 

5 t w s reporte th t the 5 thus forme ec ye prim rily y 
elimin tion( n logous to the “shrink-wr p”mech nismfoun for fullerenes) to 

58'^. n hin sight, this proves th t their 5 w s Imost cert inly 6 ful- 
leronium, since this shrink-wr p p ttern w s Iso o serve 1 ter in m ss spec- 
tr of pure s mples of ( 5 )2 7 . rc v pori tion of gr phite in the presence 

of pyrrole v por w s reporte to yiel “ - ope ” fullerenes. he pro ucts were 
n ly e y series of spectroscopic metho s, yiel ing little structur 1 evi ence 
for 5 26, 27 . eg tive mo e m ss spectroscopic n lysis of pro ucts from 

rc V pori tion of gr phite in n tmosphere of pure nitrogen showe 
rel tivelyincre se intensity of the pe k t m/e 722, which w s interprete s 
proof for the presence of 5 " 28 . ro ucts from simil r e periment were 

Iso ch r cteri e y 2 . ther investig tors n ly e simil rly o - 

t ine pro ucts y , - is n spectroscopy 3 . ss spectroscopy, 

, m n sc ttering, n n lysis of o hlet e tr cts of soot from rc 

V pori tion of gr phite ro s of which one w s fille with oron nitrite, were 
interprete s if 5 woul e ist s n open shell monomer t m lent con- 
itions 31 , which is not the c se. ser 1 tion of gr phite in he te nitro- 
gen g s tmosphere reve le ions with m sses in ccor nee with 5 n 

6 in m ss spectroscopy, he presence of nitrogen in the pro uct w s 

confirme y isotope 1 eling e periments with 2 • he nitrogen Is level w s 
foun to e 1 4 .7 e using 32,33 . hot pi sm metho for the pre- 

p r tion of 11 kin s of heterofullerenes inclu ing fullerenes h s een 
p tente 34 . 

his summ ri es 11 the theoretic 1 n g s-ph se prep r tion work th t 
h s een one up to now with respect to 6 fullerene, e cept for the evel- 
opments th t le to the re li tion of ctu 1 ulk prep r tion of 6 - n 
7 fullerene imers n eriv tives n the investig tions of these pro- 

ucts. his work will e escri e in et il in the rem in er of this section. 



2.2 

Synthesis of Aza[60]fullerene Dimer (C59N)2 

n 1 5, three ifferent ut rel te w ys were foun th t first le to 

g s-ph se prep r tion of 6 fulleronium 2. hese fin ings su sequently 
g ve w y to two closely rel te synthetic metho s for ulk prep r tion of 5 
in its imeric form 4-8 . ince 11 of these metho s st rt with the chemic 1 
mo ific tion of ^ or 7 using the ition of i es, we will review the work 
rel te to this re ction first in ect. 2.2.1. secon step in the synthesis is e- 
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scri e in ect. 2.2.2 n the two ppro ches for the fin 1 synthetic step re 
escri e in ects. 2.2.3 n 2.2.4. 



2.2.1 

The Addition of Azides and Nitrenes to C60 

nl 3, itw s foun th t Ikyl i es re ctwith ^ in 1,3- ipol r cyclo i- 
tion m nner 35 . he course of the re ction is closely n logous to the 1,3- i- 
pol r ition of Ikyl i o compoun s. relimin ry results on the re ction 
of 6 with org nic i es were complic te . re tment of ^ with i e in 

reflu ing chloro en ene ffor e two m jor pro ucts 3 n ( ig. 2). hile 
spin-spin coupling e periments supporte the structure for , the 
spectrum of 3 cont ine reson nee 1 16 ppm couple to , which w s 

not comp ti le with the e pecte tri oline. 




° he initi°l mono°° ° ition pro° uct from the re° ction with ° ° ° °°i° e ° cross 
° °6,6° ° on° of ° 60 , the tri°° oline , is st°° le enough to °llow isoPtion °t room 
temperature °n° confirm® tion of the structure through ° -r°y °n° lysis of 
single crystals °36°. ° hermolysis of the mono®® ° uct, tri®® oline , followe® ® y 
concomit®nt loss of nitrogen, gives rise to ®®®fulleroi® (®®®homofullerene; 
ooooo 010.000. 1(6)° -homo®6®®fullerene; ®®®® 2®-®®®-l,2(2® )-homo®5,6®ful- 
lerene-® 6o-\) 6 °n® ®®irenofullerene (“fullero®®iri® ine”, l,2-(® ihy® ro-1® -®®i- 
ri®ino)-®6®®fullerene; ®®iri® inofullerene; °° °° ° ° l,2-epimino®6®®fullerene or 
1'® -®®ireno®2',3'®l,2®®6®®fullerene; ®®®® 1'® -®5,6®fullereno-® 6o-V°l>°-°°°°i- 
rene) 7 in 15 ®n® 5% yiel®, respectively (®ig. 3) ®35®. ® ®irenofullerenes ®n® 

® ® ® fulleroi® s c® n ® Iso ® e o® t® ine® ® irectly from ® 6° ° t higher re® ction temper® - 
tures (16® -18® ®® ). 

®nterestingly, when ®®® 00 - 0^000 re®ctions ®re c®rrie® out ®t tempe- 
r®tures r®nging from 6® - 14® ®® , in ®® ® ition to the form®tion of the ®®® fulleroi® 

® n® ® ® irenofullerene, ° ° is® ® ° fulleroi® (° i° ° ° ° ishomofullerene) is forme® ® n® 
is the m® jor pro® uct ®37®. ® or re® sons which ® re not well un® erstoo® , the ® ou® le 
® on® s ®® j® cent to the nitrogen ® ri® ge ®re more re®ctive tow®r® s further cyclo- 
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Fig. 3. ° hermolysis pro° ucts from ° ° ° -su° stitute° tri°°oline 




Fig. 4. ° hemo- ° n° regioselective form° tion of ° is° ° ° fulleroi° from ° go 



° ° ° ition of ° Ikyl ° ° i° es th° n the other ° ou° le ° on° s in the fullerene fr° mework. 
° ponhe°ting°° ove 14° , (or°° °° ° n° logue of 3) reverts °°ck to the mono 

°° ° net 6. ° he °ppe°r°nce of ° c°r° on reson°nce °t 16° ppm for (3) is con- 
sistent with ° c°r° on °tom °° joine° to two nitrogen °toms. (° ig. 4) 

°nvestig°tion of this phenomenon le° to the fin° ing th°t not only is the °°i° e 
°° ° ition chemoselective, it is °lso regioselective, ° s in° ic°te° ° y the isol°tion of 
the°is°°°uct ,°n° not or 0 (° ig. 5).° he prep°r°tion of ° is°°°fulleroi° com- 
poun° s h°s ° een p°tente° °38°. 

° ever°l groups h°ve note° simil°r fin° ings for °°i° e °° ° ition, in which the 
structure of the ° is°° ° uct ° epen° s on the n°ture of the st°rting °lkyl °°i° e or 
° is°°i° e °3° -41°. ° ven chir°l ° is°°°fulleroi° s h°ve ° een prep°re° °42,43°.° s °n 
interesting e°°mple, it w°s foun° th°t su° sequent °°° ition of °°i°o ester to 
° -etho°yc°r° onyl-°°irenofullerene resulte° in the form°tion of °is°°°uct 2 
°n° not °4°°. °tructure 2 constitutes the first fullerene ° eriv°tive h°ving °6, 
6° open ° ri° ges (° ig. 6). ° efore th°t, °11 °5,6° °° ° ucts were foun° to °° opt °n 
open°ri°ge° structure °n° °11 °6,6° °° ° ucts to °° opt close° °ri°ge° structures. 

°n the c°se of 2, electronic Petors e°cee° the norm°l ch° r° cteristic of ful- 
lerene ° eriv°ti°°tion; th°t is the ten° ency to °voi° en° ocyclic ° ou° le ° on° s in 
five-mem° ere° rings. ° rior to this work, ° °nks cl°ime° the e° istence of ° °5, 6° 
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(not formed) 

Fig. 5. ° ° pecte° ° ° ° ition° 1 ° is° ° ° fulleroi° isomers ° n° /or 0 in the c° se of non-regioselec- 




C02Et 




COOEt 



Fig. 6. ° ° ° ition of °°i° oester to ° -etho°yc°r° onyl-°°ireno°6°°fullerene results in form°tion 
of°is°°°uct 2°n°not 



close® structure, °ut this w°s correcte® ®y the ® irsch group ®44, 45®. ® he e®i- 
stence of the ® 6 , 6 ® open structure 2 is well est® ® lishe® ; ^^® 1 ® ® eling e® periments 
were use® to ® etermine the ® on® ing of these unique ° is°° ° ucts ®4®®. ® ®ireno- 
fullerenes ®re forme® in goo® yiel® ®y the re®ction of in situ forme® nitrenes 
(either photochemic® lly or therm® lly from ® ® i® es) with ° 5 ° • ° ver® ung ® n® ® ® t- 
t®y ®n® co-workers investig®te® the ®®® ition to ® 50 of nitrenes ®erive® from 
® royl® ® i® es ® n® tert-® utyl® ® i® oform® te ® n® foun® th® t the p® rent ® ® irenofulle- 
rene c® n ® e o® t® ine® upon chrom® togr® phy of the ® -t-® uto® yc® r® onyl com- 
poun® 3 over ® column of neutr®l ®lumin® (® ig. 7) ®46-48®. ® ®nks et ®1. foun® 
® simil® r route to in® epen® ently °4® ® . ® he p® rent ® ® irenofullerene c® n ® e 
® eriv® ti® e® on the nitrogen ® tom ° y ° ° ° ition of electrophiles to yiel® ® ureth® ne, 
® n ® mi® e, or ® sulfon® mi® e ®5® ®. 
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Fig. 7. “ wo-step synthesis of ° ° ireno°6° °fullerene from ° 



°n contrast to the ° (° -°lkyl) °n°logue (see °ect. 2.2.2), ° -°ryl-°°°- 

fulleroi° s, o° t°ine° from the therm°l re°ction of °ryl °°i° es with ° , c°n ° e 

photo chemic°lly isomeri°e° to °°irenofullerenes °51°. ° his closely resem°les 
the ° ifference in the photochemic°l ° eh°vior of ° -°ryl- °n° ° -°lkyl fulleroi° s 
o°t°ine° from the re°ction of °i°°o compoun°s with ° go (e.g. °5, 6° ° 2 is 

photochemic°lly st°°le). ° fter some initial studies (see for e°°mple °52-55°), 
the°°°itionof°°i°es°n° nitrenes to ° go h°s ° een investigate^ °n° use° for the 
preparation of ° series of function® 1 fullerene ° eriv°tives °y ° num® er of other 
investig®tors, ®ut their work is not relev® nt in rel®tion to the prep®r®tion of 
00005® ofullerene. ® he ® ® ® ition of ® ® i® es to fullerenes h® s ® een ® riefly reviewe® 
previously ®56 - 58®. 



2 . 2.2 

Gas-Phase Observation of Aza-dihydro[60]fullerene and Azafulleronium Ions from 
Aazirenofullerenes and Bisazafulleroids 



® ver®ung et ®1. foun® in 1®®5 th®t when ®®irenofullerene w®s su®jecte® to 
®esorptive chemic®! ioni®®tion (® ® ®) m®ss spectroscopy, using ®mmoni® ®s 
re® gent g® s ®n® ® rhenium wire ®s he® ter, pe®ks ®t m/® 723 ® n® 724 were foun® , 
ne®tto®o +® ®+,® Jo,®n® ® go® +®6®. ® hese pe®ks were r®tion®li®e® ®s®ihy®ro- 
®®®®6®®fullereneions® 50® ® + ®n® ®5o® ® +.® norm®! e®®ct m®ss ® eter min® tion 
w®snotpossi®le,®utthec®lcul®te® centroi® m®ssesofthepe®ksfor® 50® ® +®n® 
° 50° ° J were reporte® to fit the e® periment® lly foun® v®lues. ® ®se® on qu®n- 
tum-chemic®l c®lcul®tions, the ®uthors propose® ® 1,2-close® structure ®s the 
most st®®le for ® oth the neutr®! ® 50® ® ®n® the ch®rge® species ° 5°° ° 2 (struc- 
tures ®n® 6in®ig. 8). 

® he e®®ct mech®nism of this form® tion of heterofullerene ions rem®ins 
uncle® r, ® Ithough ® possi® le mech® nism involving ° ° 3 ° ° ° ition to ® ® ® fulleroi® 
(presum® ®ly forme® ®y isomeri®®tion of the ®®irenofullerene) w®s l®ter pro- 
pose® ®18®. ® he ®uthors reporte® on sever®! occ®sions on this g®s-ph®se tr®ns- 
form®tion ®17, 5® -61®. ® he propose® structure for ® 50® ® w®s l®ter confirme® 
® y the ® u® 1 group upon the ® ulk synthesis of this compoun® (see ® ect. 2.3). 

® Isoin l®®5,®®mp®rthet®l. foun® th®t when ® is®® ® ucts 2 ®n® 7(®ig.®) 
were su® mitte® to ® ® ® -® ° ° ° ° °6® ®fulleronium ® 50 ® + w® s forme® in high y iel® , 
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Fig. 8. °tructures for neutr°l ° 50° ° ( ) °n° ° 50° ° ( 6), propose® °y ° ver°ung et ° 1 . 




R = CH2COOMe 

Fig. 9. ° recursors for the g°s ph°se form°tion of ° 50° + ( , 2, 7, 20) °n° ° ^0° + ( , ) in 

00 o _o 0 0 ompoun°s °n° 20 °re the pro® nets of the re®ction of ® utyl® mine/® ® ® with 

® is® ® ® fulleroi® s ® n® , respectively 



where® s the m°ss spectr® of the ° is® °° fulleroi® s show only the typic®l ch®r®c- 
teristics of fullerene ® ® ® ucts (® rel® tively sm® 11 ® + pe® k ® n® , ® 1 72® , ® Jo , the ® ® se 
pe®k) ®5®. 

®n the c®se of 2 ®n® 7 the pe®k ®t m/® 722 (® 50 ® +) w®s the ® ®se pe®k, ®n® 
the 72® pe®k showe® ® rel®tive intensity of 8 ® % . ® he well-known shrink-wr®p 
o egr°® ®tion w®s o® serve® , supporting the fullerene structure of this m®teri®l. 
® urthermore, it w® s foun® th® t tre® tment of ° is° ° ° fulleroi® s ® n® with one 

equiv®lent of ® utyl® mine in the presence of ® ® ® yiel® e® (presum® ®ly regio- 
selective mono®® ® ition) pro® ucts th®t fr®gmente® in ®® ® -® ® with efficient 
form®tion of ®®®® 6 ®®fulleronium ®n® ®®®®7®®fulleronium ions, respectively 
(° Jo/° 5 o° +~l°l®n® ® Jo/%o° +~l® 2 ).®®®ctm®ss®etermin®tionconfirme® the 
propose® formuPe. ® he synthetic metho® for the prep®r®tion of ®®®fullerenes, 
® ® se® on these fin® ings, is ® escri® e® in ® ect. 2.2.5. 
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2.2.3 

Controlled Chemical Opening of the Fullerene Cage 

° rom the f ct th°t e °° ° ition to fullerenes yiel° s specific ° is°° ° ucts with 
high selectivity, it is cle°r th°t the two i° entic°l “en°mine” ° =° ° on° s in 
fulleroi° s °re relatively °ctiv°te° in certain reactions. °n °n °ttempt to e°p°n° 
the scope of the chemoselectivity of the °°°fulleroi° s, other cyclo°° ° itions were 
performe°. °°king °°v°nt°ge of the fullerenes °s effective triplet sensiti°ers, 
° ummelen et °1. showe° th°t self-sensiti°e° photo-o°ygen°tion of ° °° 

°°°°6°°fulleroi° 6°ffor°e° the c°ge-opene° ketol° ct° m 22 in 65 % 

yiel° °62°. ° his w°s the first step tow°r° s the controlled opening of the fullere- 
ne c° ge. ° y c° using o° i° ° tive rupture of ° ° ou° le ° on° ° ° j° cent to the 5,6 ° ri° - 
ge° nitrogen °tom, °n ll-mem° ere° ring w°s cre°te°. °t is °ssume° th°t the 
reaction proceed s through ° 1,2-d iodetdne intermed i°te 2 (dig. 1°). 



MEM 
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6 21 22 

Fig. 10. ° ontrolle° opening of the fullerene c°ge °y self-sensiti°e° photo-o°ygen°tion of 6 



droduct 22 wds fully chd rd cterid ed °y °nd o o o ^ o o oo ^ o o _o 
oo o _o o spectroscopy dnd elementdl °nd lysis, dn the course of the chd rd cterid °- 
tion,d°°-° ° revedled d °°se pedk dt mr =722 (dnd no pedk dt dU °t 72d!) °nd 
smdller pedks dt m/d=78d (°5%) dnd 856 (d -^d +). ° he eddct mdss of the 
m/d 722 ion, 72 l.d°°l, wds consistent with the moleculdrformuld d +.durther 
confirmdtion wds found shrink-wrdp frdgmentdtion pdttern d63d°loss of 

d ° , m/d = 6d 6, followed ° y the successive loss of d 2 , mr 672 d nd 648. d ° ° mind _ 
tion of the d ° ° md ss frd gmentd tion pd ttern of d ° ° ketoP ctd m 22 to d ° ° ful- 
leronium d 30° + led to the proposed mechdnism of formdtion °s depicted in 
dig. 11. 

d he reP lively intense pedp dt m/d = 78d is d ue to loss of 2-method yetpdnol 
from the protond ted o ^Qyiep -methyl cd rd onium ion 23 which is, in turn, 
trdnsformed to the four-memd ered l,3-od°detP inium ring in 2 . d he Ptter 
elimindtes formdp ehyd e to yieP intermed Pte 2 , followed dy the loss of cdrd - 
on monod P e to yieP the d°°fulleronium ion. 

d hen dis°°°fulleroP wds sud milled to self-sensitPed photoodygendtion, 
the ed pected symmetricd 1 od P ° tion prod uct wd s not od served , ° ut insted ° the 
dsymmetric mono-odp Ped prod uct 26 wds isoPted in low yieP (d ig. 12). d he 



Heterofullerenes 



1°3 







2 M=722 





25 



Fig. 11. ° ossi°le mech°nism of g°s-ph°se form°tion of ° 50° + from ketol°ct°m 22 in °° ° -° ° 





Fig. 12. ° egioselective self-sensiti°e° photo-o°ygen°tion of °is°°°fulleroi° 



ooo_o o Oegr°°°tion pattern of 26 g°ve further support for the propose® 
mech°nism of °°°fulleronium form°tion, °ec°use, ne°t to the ° pe°k °t 
m/°=°58, °n° the ° °se pe°k °t 722, pe°ks °t m/° = 883 (17%) °n° 853 (35%) 
were 0 ° serve®, correspon® ing to su® sequent loss of 2-metho®yeth®nol ®n® 
form®l® ehy® e from 26 ®7®. 

®hese g®s-ph®se o®serv®tions p®ve® the w®y for the first synthetic route 
tow®r® s ®®®fullerenes, ® s ® escri® e® in the ne®t section. ® he c®ge-opene® struc- 
tures 22 ®n® 26 ®re ® symmetric. ® etol®ct®m 22 w®s l®ter resolve® on ® chir®l 
® ® ® ® column, ® n® the circul® r ® ichroism of the en® ntiomers w® s ® etermine® 
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2.2.4 

(^59^)2 a Cage-Opened Fullerene 



° oon thereafter, ° uring the search for ° synthetic metho° th°t woul° mimic the 
events °epicte° °°ove to o°t°in macroscopic quantities of 50° ”, ° Pst °n° 
rem° rk° ° le re° ction w° s 0° serve° when ° ° ° ketoP ct° m w° s tre° te° with ° 

Prge e° cess ( 15 - 2 ° equiv.) of p° s° ° -° 2° in° ° °° °treflu° temper® ture un° er 
°n °tmosphere of nitrogen ° 7 °. ° he color of the re° ction mPture ch°nge° from 
re° -° rown to green-® rown upon the form°tion of ° non-pol®r m®jor pro® uct in 
high yiel° . ® fter purific® tion ® y ® ° ° ° , the 1° tter (green in solution) w® s shown 
®y cyclic volt®mmetry, 1^® ° ° ° ° ° ° ° is, dement®! ®n® lysis ®n® m®ss 

spectrometry (electrospr®y) to ® e the ®°® fullerene ® imer (® 50® )2.® strong ®rgu- 
ment for the ® imer w®s o® t®ine® from the cyclic volt®mmogr®m (® ® ), which 
showe® three p®irs of reversPle one-electron re®uctions. ® he ®ppe®r®nce of 
closely sp®ce® p®irs of w°ves in the ® ® suggeste® th®t this system consiste® of 
two (i®entic®l) we®kly inter® cting electrophores. ® he ^^® ® ® ® spectrum of 
(® 50® )2 showe® 2 ® lines in the region ® etween 156 ®n® 124 ppm, which is con- 
sistent with ® highly symmetric®! °imer structure. ® ther reson®nces (i.e. 
sp^-hy® ri® i®e® c®r® on ®toms) were not o® serve® . ® he ®® sence of® reson® nee in 
the 7 ® - 11 ® ppm region in the ^^® ® ® ® spectrum force® the investig®tors to 
consi® er the ®6,6®-open structure 27 ® s ® possi® le structure for the ®°® fullerene, 
®s the only ®ltern®tive to the ®6,6®-close® structure 2 (symmetry ®rguments 
rule® out ®11 other structures; ° ig. 13 ). ® lectrospr°y m°ss spectroscopy w®s the 
only ° ® technique th°t ®llowe° the ®etection of the °imer ° pe®k (®t 
m/® = 1445 ).®n®° ®-° ®,° 0000^000^^0000 o^^^ly the monomer ® 50® + or ° 50® - 

(® epen® ing on the ® etection mo° e) ions were o® serve® , with shrink-wr®p pe®ks 

j 000 o o 

® fter est®® lishing the ® imeric structure, the following r®tion®le for the mole- 
cule’s form®tion process w®s propose® (®ig. 14 )® the ®®®fulleronium ion is 
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the propose® mechanism for the formation of (° 50° )2 w°s o°t°ine° when the 
reaction w°s c°rrie° out in the presence of nucleophiles to tr°p the propose® 
c® r® onium ion interme® i®te 23 ®67®. ® his le® to the isol®tion of new holey® ® 11s 
30 3 ,®n® 32, fullerenes with ® ring 1® rger th® n ® he®®gon(®ig. 15). 



2.2.5 

(CsgN)2 from a Bisazafulleroid 

® ®se® on their g®s-ph®se o® serv®tion of ® 50® +, ® secon® route to (® 50® )2 w®s 
®evelope® ®y® irsch®n® co-workers ® 7, 8®. ® hen ® is®®®fulleroi® w®stre®te® 
with ® utyl®mine °n® ® ® ® in toluene ®t room temper® ture, “® minofulleri® es” 
were forme® , which yiel® e® ® mi® ture of ® imer 2 ° n® ® ® ® ®6® ®fullerene ® eriv® - 
tive 33 in 1 2 - 1 5 % yiel® ® fter he® ting with 2® equiv® lents of p® s® ® in ° ° ° ° ° t 
reflu® temper® ture over 8 min (® ig. 16). ® he re® ction ® i® not occur when , the 
®is_® ° ° 2° ° 2° e ®n®logue of 8, w®s use® ®s st®rting m®teri®l. ® he ® imer 2 
o®t®ine® ®y this metho® w®s i®entic®l to the m®teri®l o®t®ine® e®rlier ®y the 
® u®l group. 




Fig. 16. °ynthetic route tow°r° s °°°fullerene compoun° s, reporte° °y ° irsch et °1. 



® he re® ction w®s ®lso ®pplie® to the ® 70 ®n®logue (see ® ect. 3), which implies 
th®t this three-step route from ® to (® 50® )2 c® n ®lso ® e ®pplie® to ®11 fullerenes. 
® he e® ® ct mech® nism of the re® ction is, however, not known. 



2.3 

Synthesis of Aza[60]fullerene Derivatives 

® p to now, two types of synthetic metho® s tow® r® s monomeric ®®®® 6® ®fullerene 
®eriv®tives h®ve ® een ®evelope®®® etho® (®) st®rting from non-®®®fullerene 
precursors ®n® ® etho® (® ) st®rting from the ® imer (® 50® )2. 

t ). ® he first e® ® mple of ® re® ction ® ccor® ing to this metho® h® s ® Ire® - 
®y ® een mentione® in the prece® ing section. ® nother e®®mple is the re® ction 
® epicte® in ® ig. 17. ® ence, when ® 15-fol® e® cess (rePtive to ) of hy® roquinone 
w® s ® ® ® e® to the re® ction mi® ture th® t otherwise yiel® e® the ® ® ® fullerene ® imer, 
the interme® i®te ®®®fulleronium ion 2 w®s re®uce® to ®®®fullerenyl r®®ic®l , 
which w® s su® sequently tr® ppe® ® y the hy® roquinone to give the p® rent mono- 
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ODCB-anisole (5:3) 
pTsOH, air, reflux 





Fig. 17. ° ore tr°pping pro°ucts of the re°ction 22^2 . °r°pping of °°°fullerenyl r°°ic°l 
interme° i° te ° y hy° roquinone le° ° s to the form° tion of hy° ro° ° ° °6° °fullerene 3 . ° r° pping 
of interme° i° te ° ° ° fulleronium 2 ° y ° nisole yiel° s ° ryl° te° ° ° ° fullerene 3 



meric°°°fullerene,hy°ro°°°fullerene3 ,in° highyieP °67°.° s w° s mentione° 
in ° ect. 2.2.4, ° Prger (75-fol° ) e°cess of hy° roquinone resulte° in the trapping 
of °n e°rlier interme° i°te in this re°ction, i.e. c°r° onium ion 23. 

° eg°tive ion ° ° ° of 3 showe° ° ° °se pe°k °t m/° = 723. ° ° ° m°ss spec- 
troscopy shows shrink-wr°p pe°ks °t m/° = 6° 6, 672, 648, °n° 624. ° ompoun° 
3 , like ° imer 2 ° n° ° eriv° tive 33, is green in common org° nic solvents. ° cle° r 
resonance signal °t 72.1 ppm in the °° ° °llowe° for un°m° iguous Assign- 
ment of the °6,6°-close° structure to hy°ro° A A fullerene 3 . 

A ecently, it wA s founA thA t when the reA ction is cA rrieA out in the presence of 
A 1 ° rge eA cess of a nisole ° nA a ir, ° ryP teA a ° ° fullerene 3 cA n a e oA tA ineA in 38 % 
yieP A68A (° ig. 18). a ompounA 3 wA s Also oA tA ineA , a ut in a much lower yieP , 
A irectly from ° is° ° ° fulleroiA , when the reA ction shown in a ig. 1 6 wA s cA rrieA 
out in the presence of a nisole AuA °ir. a hen the sAme reA ction wAs cA rrieA out 
in pure 1-chloronAphthAlene At 22 a ° miAture of AryPteA proAucts 36 wAs 

oAtAineA in46%isolAteA yieP a 68 a. 

t ). AeverAl eAAmples of the prepArAtion of monomeric A°°°6AAful- 
lerene a eriyA tives from the a imer 2 hAye a een reporteA . a irst, it wA s founA 
treA tment of the a imer with eA cess a iphenylmethA ne in refluA ing ° ° ° ° for 48 h 
AfforAeA, After chromAtogrAphic purificAtion, 2 - a iphenylmethyl-A°° fullerene 
37 in 42% yieP , As a epicteA in a ig. 1° 

A short free-rA°icAl chAin mechAnism hAs a een proposeA to eApPin the 
result. A ence, thermAl homolysis of the Aimer generAtes a 30° which either 
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ODCB-anisole (5:3) 
pTsOH, air, reflux 



38% 



1 . butyiamine 

2. ODCB-anisole (5:3) 
pTsOH, air, reflux 
10% 



1 . butyiamine 



2. 1-chlononaphatatene 
pTsOH, air, reflux 
42% 



OCH3 





Fig. 18.° ryl° tion pro° ucts from the common ° ° ° fulleronium interme° i° te , forme° in some 
re° ctions of 22 ° n° 




Fig. 19. ° herm° 1 homolysis of (° 50 ° )2 in the presence of ° iphenylmeth° ne yiel° s °°°fullerenyl 
r°° ic°l tr°pping pro° net 37 



°° streets ° hy° rogen °tom from the hy° rogen ° onor ° iphenylmeth° ne or re- 
com° ines with the thus forme® ° iphenylmethyl r°° ic°l. ° he hy° ro°°°fullerene 
is not st°° le un° er these re® ction con® itions ® n® gener®tes more ® imer® 

(%0° 2%o° • 

°5.° - + °h2°° 2 ^ °5»° ° +°h2°° ■ 

°h2°° +°5o° • ^ °5o(°° °h2)° 

2 %o° ° (withtr°ceof° 2) ^ (° 5-° )2+° 2° 2 

° his mech°nism is supporte® °y two control e° periments® (° ) ® fresh s®mple of 
hy® ro°°®fullerene 3 w®s foun® to ° imeri°e on st®n° ing °t room temper® ture, 
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even in the soli° st°te; (° ) treatment of 3 with ° iphenylmeth° ne in reflu°ing 
° ° °° for24h°ffor°e° 73% of 37,7% of ° imer 2 ,°n° 5 % of recovered starting 
m°teri°l. 

°re°tment of (° 50° )2 with ° iphenylmeth° ne un° er photolytic con° itions °t 
room temperature w° s e° pecte° to pro° uce 37. ° owever, ° fter five hours of irr° - 
°i°tion, ° °°° °n° lysis of °n °liquot of the re°ction mixture showe° no for- 
m°tion of 37, °ut inste°° reve°le° the form°tion of m°teri°l with propose® 
-o°i° e structure 3 (25%), ne°t to recovere® (® 50® )2 (75%). ®t w®s ®ssume® 
th®t tr®ce ® mounts of ^® 2 initi®te this conversion (® ig. 2®). ® ec®use fullerenes 
® re e® cellent sensiti® ers for the conversion of triplet to singlet o® ygen, ® ny o® y- 
gen in the re® ction fl® sk is converte® to ^® 2 un® er these re® ction circumst® nces 
®66®. 

® herm® 1 tre® tment of the ® imer with ® nisole, toluene, ® n® 1 -chloron® phth® - 
lene in the presence of ® 1® rge e® cess of p® s® ® ° n® ® ir le® ® s to the form® tion of 
mono-®ryl®te® ®®®fullerenes in 78-®® % isol®te® yiel® s ®68®. ® he re® ction with 
® nisole ®n® toluene yiel® -su® stitution pro® ucts 3 ®n® 3 , while 1-chloro- 
n®phth®lene is su® stitute® ®t v®rious positions (® ig. 21). ® he re® ction ® oes not 
t®ke pi® ce in the ®® sence of ®ir or p® s® ® . ® he re® ction is presume® to procee® 
through electrophilic ®rom®tic su® stitution °y ° 5°° which w®s propose® ®s 
® eing forme® vi® therm® 1 homolysis of the ® imer, followe® ® y o® i® ® tion with ® 2 . 

® ery recently, ® euther °n® ® irsch h®ve foun® th®t 3 ,3 , ®n® yet ®nother 
®ryl®te® ®®®fullerene 0, re®ct with io®ine monochlori®e in ® re® ction closely 
® n® logons to the one foun® ® y ® ® ylor ® n® co-workers, yiel® ing tetr® -chlorin® te® 
compoun® s , 2, ® n® 3, respectively, in 5® - 6® % yiel® s ®7® ,71®. ® n interesting 
point is th®t the five-mem® ere® ring cont®ining the nitrogen ®tom ®® opts the 




Fig. 20. ° or m° tion of ° -0° i° e 3 ° y photolysis of (° 50° )2 in the presence of tr° ces of o°ygen 




Fig. 21. ° °°fulleronium °ryl°tion pro° ucts from o°i° °tive thermolysis of (° 50° )2 
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Fig. 22. ° orm°tion of tetr°-chlorin°te° compoun° s - 3 upon the regioselective re°ction of 
2-° ryl-°°°fullerenes with °° 1. ° he reverse re°ction t°kes pl°ce with e°cess ° ° h 3 in ° ° ° ° 
°t25°° 



pyrrole configuration (° ig. 22 ). ° s ° result, the ° ° is spectrum of these com- 
poun° s is very simiPr to th°t of ° 1 ^. ° ° 1 c°lcul°tions support the pyrrole 

configuration. ° he re°ction c°n ° e reverse® upon tre°tment of the tetr°chloro 
°° ° ucts with excess triphenylphosphine in ° ° ° ° °t room temperature. 

° he ° uthors envision th° t compoun® s like , 2, ® n® 3 coul® h® ve potenti® 1 
® s precursors for ° i° ° ° ° 6 ® ® fullerene ° 53° 2 ° eriv® fives ® y w® y of ® n ® ® i® e ® ® ® iti- 
on/® echlorin®tion sequence. 

® his summ®ri®es ®11 presently known chemistry tow®r®s ®®®® 6 ®®fullerene 
compoun®s, ®n® with th®t ®11 prep® r® five chemistry rel®te® to hetero® 6 ® ®ful- 
lerenes in gener®!. 

3 

Synthesis of Aza[70]fullerene 

® he prep® r® tion of pure ° ° ° °fullerene ® imers ° n® ® eriv® fives is ® n even more 

ch®llenging en® e®vor th®n the ®®®® 6 ®®fullerene c®se,® ec®use,in principle, there 
is more th®n one possi®le isomer of ® . ° his compile® tion w®s recogni®e® 

from the ® eginning ® 8 ® ® n® h® s ® een worke® out in ® et® il ® y ® ell® vi® -® un® ® n® 
® u® 1®2®,72®.® 70 (® 5 h) h®s five ® ifferent types of c®r® on ®toms (® -e in ® ig. 23), 
therefore there ®re five isomers of ® go® , of which the o® i® i®e® forms - ®re 
shown in ® ig. 23. ® imult® neous form® tion of ® 11 five correspon® ing r® ® ic® Is coul® 
le®® to 15 ® istinct ® ° imers (if ® oun® ® y specific® 6 , 6 ®-a-c®r® on ®toms!). 

®he ®® ®®® n®mes for these fulleronium compoun®s ®re 2-®®oni®®7®®ful- 
lerene ( ), l-®®oni®®7®®fullerene ( ), 5-®®oni®®7®®fullerene ( 6 ), 7-®®o- 

nioo7®ofullerene ( 7), ®n® 2®-®®oni®®7®®fullerene ( ), respectively (® he ® ® ® 

n®mes ®n® num®ering ®re ® ifferent ®g®in!). ® he correspon® ing most st®®le 
r®® ic®ls ®re e®pecte® to ® e 2-®®®®7®®fulleren-l-yl (from ), l-®®®®7®®fulleren- 
2-yl (from ), 5-®®®®7®®fulleren-6-yl (from 6 ), 7-®®®®7®®fulleren-21-yl (from 
7),®n® 2®-®®®®7®®fulleren-l®(or21)-yl(from ). 
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Fig. 23. ° 70 h° s five ° ifferent types of c° r° on °toms - ( ). ° ence, there ° re five possi° le 

isomers of ° ° ° °7° “fulleronium ° 5 ° ° 




°°periments le°°ing to g°s-ph°se o°serv°tions of ° 50 ° + h°ve °lre°°y °een 
mentione° in°ects.2.1 2.2.2, will not ° e reviewe° °g°inhere°5,25,32,33°. 



3.1 

Synthesis of Aza[70]fullerene Dimers (Q 9 N )2 and Aza[70]fullerene Derivatives 

° he groups of ° irsch ° u° 1 ° oth °pplie° their own synthetic metho° s for 
the prep°r°tion of °°°° 6 °°fullerene ° imer to ° 70 . °ince ° oth metho° s st°rt with 
the prep° ration of °°°°7°°fulleroi° s °n° ° is°°°°7°°fulleroi° s °s precursors, we 
will summ° ri° e these results first. 

° he 1,3-° ipol°r °° ° ition of °°i° e coul° , in theory, give rise to ° m°°imum 
of si° tri°°oline isomers (° ig. 24), where °° ° ition ° cross ° ° 6 , 6 ° ° on° ° etween 
two ° ifferent types of c°r°on °toms in gener°l gives rise to ° p°ir of regio- 
isomers °73, 74°. ° g°ins its re°ctivity °s ° result of inherent str°in in the 
molecule. °n the c° se of ° 70 , h° ving lower symmetry, the str° in is not uniform 
over the entire molecule. ° °wkin’s stu° ies on the osmyl°tion of ° 70 reve°le° 
th° t most of the str° in is loc° li° e° ° t the poles ren° ering the °° _ ° ° ° on° most 
re° ctive °75°. 

°re°tment of ° 70 with °n e°cess of ° °° ° 3 in°°°° °t room temper°ture for 
48 h °ffor° e° , upon chrom°togr°phy, one °°n° which cont°ine° ° mi°ture of 
tri° ° oline isomers , 0, ° n° (32 % yiel° , 6° % ° ° se° on consume° ° 70 ) °72°. 
° hen the mi°ture of the three isomers w°s he°te° to 55°° overnight, only one 
°°irenofullerene ( )°n° one °°°fulleroi° ( 6 ) were foun° , ne° t to , 0 ,°n° ° 

little ° 70 (° ig. 25). ° ence, w°s converte° selectively, which °llowe° the sep°- 
r° tion ° n° complete ch° r° cteri° ° tion of ° oth ° n° 0 ° s well ° s for sep° r° tely 
he° ting of these isomers to yiel° the ° ° irenofullerene 7 ° n° ° ° ° fulleroi° s 

° n° 6 , respectively. 




Fig. 24. ° he si° possi° le tri°°oline isomers from the re°ction of ° ° ° -°°i° e with ° 70 









57 



n-mem 
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Fig. 25. ° elective therm° 1 ° ecomposition of tri° ° olino°7° °fullerene , present in ° mi° ture of 

three isomers - ( ). ° ep°r°te therm°l ° ecomposition of tri°°olino°7°°fullerene iso- 
mers °n° 0, le°°ing to ° common pro°uct, °°ireno°7°°fullerene 7, °n° isomeric 

000070 of^pej.oi° s ° n° 6, respectively ( ) 
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° ifferenti® tion ° etween ° n° 0 w° s ° ccomplishe° ° y thermolysis of ° solu- 
tion of 0 , °ffor° ing the °°irenofullerenes 7 °suppose° ly the 

(c,c)-isomer° °s well °s ° common °°°fulleroi° 6 °76°. °n conclusion, persever- 
° nee ° ffor° e° two well-ch° r° cteri° e° ° ° ° °7° °fulleroi° s 6 ° n° , th° t were use° 

for further tr°nsform°tion to °°°°7°°fullerenes (see ° elow). 

° u°er °n° ° irsch, in the me°ntime, prep°re° ° is°°°°7°°fulleroi° 60 in ° 
one-step synthesis from ° 70 with °°° oo-Og-j^ooooo^l 2 °°°.° hey 0° serve® 
th° t while 60 w° s forme® preferenti® lly, ® nother ° is° ° ° uct isomer ®presum® ® ly 
the(l, 6 );(l,®)-isomer,®ccor®ingto ®® ®® ® num® ering® w® s forme® ®s® 

®ypro®uct. ® hen this m®teri®l w®s su®jecte® to the re®ction con®itions th®t 
®ffor® e® ®®®® 6 ®®fullerenesfrom (see®ect. 2.2.5),® n®n® logons ®®®®7®®fullerene 
® imer, most likely with the structure 6 , ®n® the metho® yetho® y ® eriv®tive 62 
coul® ® e isol®te® from the mi® ture in 1® ®n® 15% yiel® , respectively (® ig. 26) 
® 8 ®. ® he ® election of® reson®nce ®t ® 6.4 ppm in the i^o o o o spectrum of 62 is 
in® ic®tive for the presence of ®n sp^-hy® ri® i®e® c®r® on ®tom ne®t to nitrogen. 
® ence,the ®®®®7®®fullerene h®s ® ® 6 , 6 ®-close® structure ® s shown in ® ig. 26. 




® ompoun® 62 (®s its ®®®® 6 ®®fullerene ®n®logue 33) is unst®®le ®n® ®ecom- 
poses slowly into insolu®le pro® nets, which show c®r®onyl vi®r®tions in ®® . 
® rigorous proof of the structure of 6 , using ^^® ® ® ® , w® s impossi® le ® ue to 
the low solu® ility of the m®teri®l. 

®hotoo®ygen®tionof® g symmetric ®®®®7®®fulleroi® 6 yiel® e® ® single (chir®l) 
o® i® i® e® pro® uct, ketol® ct® m 63, in goo® yiel® °2® ®. ® he structure of 63 w® s fully 
ch®r®cteri®e® ®y spectroscopic metho® s (® ig. 27). 

® he ® n® logons photoo® ygen® tion of ® 1 symmetric yiel® e® two ketol® ct® m 
pro® nets 6 ®n® 6 (4®l).®nterestingly,®n® unlike the® ® -® isspectr® of the iso- 
meric ®®®®7®®fulleroi® s, the ® ® -® is spectr® of the ketol® ct®m isomers ®re not 
superimposi® le. ®somer 63 is ®rick re®, 6 is or®nge re®, ®n® 6 is ®rownish 
green in solution. ® imil® r to the ® 6 ® ® ® n® log, the ® ® ® -® ® of ® 11 three ketol® ct® ms 
reve®le® ® ®®sepe®k®tm/® = 842, consistent with® 50 ° +. 
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Fig. 27. ° elf-sensiti° e° photo-o° ygen° tion pro° ucts from ° ° ° °y° °fulleroi° s° symmetric fuller- 
oi° 6 yiePs one ketol°ct°m 63, while “symmetric °°°fulleroi° yiePs the two possPle 
ketoP ct° m isomers 6 °n° 6 (4°1) 





Fig. 28. ° orm°tion of the “ - ” (° 50° )2 isomer 66 from ketoPcPm 63 



° re° tment of ketoP ct° m 63 with ° n e° cess of p° s° ° in reflu° ing ° ° ° ° pro- 
° uce° ° single non-poPr pro° net, °°°°7°°fullerene ° imer 66 (° ig. 28). ° lectro- 
spr°y m°ss °n° lysis confirme° the elemental composition of 66, showing ° 
molecuPrion°tm/° = 1685 °n° ° strong °°se pe°k °t m/° = 842. ° he ° 

spectrum reve°le° 2° pe°ks in the sp^ region, illustrating the high symmetry of 
the isomer. ° ec°use of the low solu° ility of the ° imer °n° the ten° ency for sp^ 
c°r° ons °° j°cent to nitrogen to h°ve long ° ^ times, no reson°nces in the sp^ re- 
gion were ° etecte° . ° imer 66 is most likely the s° me ° imer ° s 6 , ° eserP e° ° y 
° u° er ° n° ° irsch, ° ut this c° nnot ° e fully confirme° ° y comp° rison of the ° ° t° 
presently reporte° for the Ptter °8, 76, IT, 
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° n° lysis of the ° ecomposition of the ketoP ct° m isomers 6 ° n° 6 ° ccor° ing 
to the propose® mechanism suggests th°t e°ch ketol°ct°m isomer shoul® give ® 
® ifferent single (® )2 isomer. ® ecomposition of 6 le®® s to the e®ch®nge of 

c® r® on “® ” for nitrogen (® ig. 23) ® n® ® ecomposition of 6 le® ® s to e® ch® nge of 
c®r® on “c”. ® ence, 64 shoul® initPlly yiel® ®®®fulleronium , while 6 is e®- 
pecte® to give ®®®fulleronium 6 ® efore re® uction to its correspon® ing r®® ic®l. 
®nterestingly, the symmetries of ® n® 6 ® re ® ifferent, ® llowing for the ® istinc- 
tion ® etween the two ® imers, 67 ®n® 6 . ® etol®ct®ms 6 ®n® 6 were in® ee® 
reporte® to yiel® the e® pecte® ® ® ® ® 7® ®fullerene ® imers, ® s shown in ® ig. 2® , ® ut 
rigorous proof of the structure of 68 is still ®w®ite® from ^^® ® ® ® ®n®lysis ®76®. 

® he three isomeric ® imers show ® ifferent retention times on ® ® osmosil 
®uckyprep ° °°° column. ®n the re®ction 6 ^6 , ® ®ypro®uct w®s forme®, 
which w® s ® ssigne® to hy® ro® ® ® ®7® ®fullerene 6 . 




Fig. 29. ° orm°tion of the “ - ” (° )i isomer 67 from ketol°ct°m 6 ( ). ° orm°tion of 

the“ - ”(°6o° )2isomer6 °n° hy° ro°°°°7°°fullerene 6 from ketoP ct° m 6 ( ) 



® he ® 60 ° °imer, in which c®r® on ®tom “e” is e®ch®nge® with ® nitrogen 
®tom, c®nnot ® e m®® e following the ®® ove proce® ure, since the nitrogen ®tom 
in position “e” is not p®rt of ® five-mem® ere® ring. ® s ® consequence, the 
correspon® ing ®®®fulleroi® c®nnot e®ist. ®orm®tion of ®n isomer in which 
c®r® on “® ” is repl®ce® ®y nitrogen is theoretic® lly possPle, using the ®® ove 
mentione® sequence of steps, ®ut not pro®®®le. ®ts form®tion woul® require 
sever® 1 e®tr® steps, i.e. ® locking the more re®ctive sites, prior to the ®® ® ition 
of®®i® e. 

®n conclusion, three of the five possi® le homo® imers of ®®®®7®®fullerene ®n® 
two monomeric ®®®®7®®fullerene ® eriv®tives h®ve ® een synthesPe® up to now. 
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3.2 

The Mixed Dimer C59N-C69N 

° he inter-® imer ° on® in ®®®®6®®fullerene ®n® ®®®® 7 ®®fullerene ® imers is ®y Pr 
the we® kest ® on® in these structures, with ® n estim® te® ® on® energy of ~ 1 8 kc® 1 
mol"k ® his h®s ® een use® in the syntheses of monomeric ®®®fullerene ® eriv®- 
tives ® s ® escri® e® in ® ect. 2 . 3 ® he® ting the ® imer to 18 ® ®® in ° ° ° ° in the pre- 
sence of ® r®® ic®l sc®venger yiel® s monomeric pro® ucts ®fter therm®! rupture of 
the ® imer ® on® . ®t w® s foun® th® t ® 1 8 ® ®® no net re® ction h® ® occurre® . ®n or® er 
to g®in ® ® etter perspective on the n®ture of the ° 50® ‘ r®® ic®l, the equili® rium 
with ® r®®ic®l source which h®s ® simil®r ®in®ing energy, i.e. ® 
stu® ie® . ® he investig® tion of the form® tion of the hetero® imer, ® 50 ® - ® ® , w® s 
not only to provi® e inform® tion ®® out the ® in® ing energy of the ® 50® ® imer, ® ut 
®lso to she® some light on the re®ctivity of the ®®®®6®®fullerene r®® ic®l tow®r® s 
its higher ®n®log ®®®® 7 ®®fullerene r®® ic®l. °n ®® ® ition, this stu® y furnishe® the 
first fullerene with commingle® properties from ®oth heterofullerenes ® 78 ®. 
® ell®vi®-®un® ®n® ® u®l took two ®ppro®ches to this stu®y ® 76 ®. 

® irst, the form® tion of the ® imers from their correspon® ing ketol® ct® ms w® s 
investig®te® . ®re®tment of ® 1®1 mol®r solution of ®6® ®ketol® ct® m ®n® ® 7 ®® 

ketol® ct®m 6 with p® s® ® in reflu® ing ° ° ° ° for 5 min resulte® in the form®- 
tion of (® 50® )2, ° 6°° ° j (° 6°° )2» the hetero® imer ® 50® -® go® 70 , ®s ® eter- 
mine® ®y® ®®® ®n® ° ° is®n®lysis (® ig. 3 ® ). (® he ®®®® 7 ®®fullerene moiety is 
of the type present in ® imer 67 ). 
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Fig. 30. ° etho° 1 for the prep°r°tion of mi°e° °°° fullerene ° imers° through gener°tion of ° 
mi°ture of °°° fullerene r°° ic°ls from the correspon° ing ketol°ct°ms. ° he mi°e° ° imer 0° - 
t°ine° from ° mi°ture of °n° 6 is propose® to h°ve the structure 70, the ° 50° 5°° iso- 
mer with the ° imer ° on® position on the ® ” c®r® on ®tom of the ® 50° moiety 



® econ® ,®n equimoPr solution of (® 50® )2 (2 ) ®n® ®®®® 7 ®®fullerene ® imer 66 
in ® ® ®® w®s ®eg®sse® ®n® reflu® e® overnight. ® ®®® ®n® lysis of the resul- 
ting mi®ture reve®le® the presence of (® 50® )2, (® go® )2, ®n® the hetero® imer 
®5o® -®go® 7 (°ig. 31 ). 

®nterestingly, the three ® imers were forme® in essenti® lly ® 1 ® 1 ®2 r® tio of 2 , 66, 
® n® 7 , respectively, suggesting th® t ® t the elev® te® temper® ture they ® re in equili- 
® rium with e® ch other, ® s ® etermine® ® y st® tistic® 1 mi® ing. ® he overl® pping ® ® - 
® is spectr® of (® 50® )2, ® 50® -® go® , ®n® (® go® )2, in which the hetero® imer spec- 
trum cont® ins equ® 1 fe®tures of ® oth homo-® imers, ® re shown in ® ig. 32 ® . 
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Fig. 31. ° etho° 2 for the prep°r°tion of mi°e° °°°fullerene ° imers° through gener°tion of ° 
mi°ture of °°°fullerene r°° ic°ls from the two correspon° ing homo° imers. ° he mi°e° ° imer 
o°t°ine° from ° mi°ture of (° 50° )2 2 °n° “ - ” (° ^0° )2 °imer 66 is propose® to h°ve the 
structure 7 , the ° 50° go° isomer with the ° imer ° on® position on the “ ” c®r® on 

®tom of the ® 50° moiety 



° he f ct th° t hetero° imer 7 cont° ins ° ° ifferent ° 50 ° moiety th° n 70 w° s cle° r 
from the ° ifference in the ° ° ° ° retention times °n° the the ° ° is spectr° of 
these compound s. ° he ° ° is spectr° of 70 °n° 7 °re shown in ° ig. 32° . 

° etero° imers 70 °n° 7 °re the first e°°mples of wh°t is theoretic® lly °n 
enormous family of possi® le (hetero)fullerene hetero® imers. ®t is e® pecte® th®t 
fullerene hetero® imers will e®hi®it interesting electronic (optic®!, electron 
®ccepting) properties. ® u® er ®n® ® irsch recogni®e® the Pet th®t they h®® o® - 
t°ine° ° mi°ture of three °®°°7®°fullerene ° imers upon tre°tment of ° mi°ture 
of two isomeric ° is®®°®7®®fulleroi° s. ° ne of their pro°ucts is most likely ° 
mi° e° ® imer ®8®. ° his is ® “hetero”-® imer in ° sense th® t ® iffers from 70 ® n° 7 ; 




Fig. 32 a. ® ® -® is spectrum of mi®e® ® 50® -® ^o® ®®® fullerene ® imer 7 ®n® of ® oth correspon® - 
ing homo® imers (® 50® )2 (2 ) ®n® (® ^0° )2 isomer 66 
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Fig. 32 b. ° ° is spectr° of°5o° ^0° °°°fullerene ° imers 70 °n° 7 



however, it coul° °e c°lle° ° “heteroisomeric” °imer, since the two p°rts °re 
isomers of e° ch other. 

° he theoretic® 1 possi® ility of ® “® onor-® cceptor” ® imer, i. e. ® ® ewis ® ci® /® ® se 
comple® ® 50® -® 50° ,h®s® eenmentione® ®y® ®ng et ®l.,who c®lcul®te® on their 
hypothetic® lhetero®imeric structures® 50-° 50° go-° 50° ,°n® ® 50® -® 50° ° 7 ®®. 

® hese workers, however, only consi® ere® structures in which ® imer ® on® s ® re 
forme® ® y the hetero®toms, ® highly unlikely situ®tion in our opinion. ® n® reoni 
et ®1. ®lso envis®ge® the possi® ility of ® ® 50® -® 50° ®imer, ®oun® in p®rt ®y 
ch®rge e®ch®nge ®etween ®onor ®n® ® cceptor st®tes ®8®®. ® e reg®r® ® ® -® 
®on®e® hetero®imer ® 50° 50° , with m®rgin®l “® onor-® cceptor” properties, 

perh® ps more fe® si® le. 

4 

Physicochemical Properties of Azafullerenes 



4.1 

Theory 

® n® reoni et ®1. c®lcul®te® the impurity st®tes in ® 50® (®n® ® 50® ) using the 
® ®r-® ®rrinello metho® ®n® foun® th®t the ® eform®tion of the fullerene c®ge is 
limite® to the environment of the “impurity” ® 8 ®, 81 ®. ®rom the c®lcul®te® co- 
hesive energy, it w® s conclu® e® th®t ® 50® coul® e® ist. ® urit® et ® 1. c® lcul®te® the 
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molecuP r structure, ° in° ing energies ° n° electronic properties of ° 50 ° ( ° Iso of 
°5o° °n° ° 50°) using the ° °rris °ppro°im°tion ° 82 °.°iu et °l.use° ° tight-°in°- 
ing °ppro°im°tion metho° for calculating the electronic structure ° 83 °. ° osen 
°n° ° estling ° i° molecuP r cluster c°lcul°tions on ° 50° within the loc°l ° ensity 
°ppro°im°tion ° 84 °. ° hen et ° 1 . consi°ere° the possi°le electronic effects of 
met°l comple°°tion of ° 50° (°n° ° 50° ) ° 85 °. °n 1 °° 4 , the geometric°l structure 
°n° rePtive st°°ility of ° 50° were ° Iso c°lcul°te° using °°°° ° ° °n° mole- 
cuPr mechanics methods °86°. °Png °n° ° ing °n° co-workers c°lcuPte° the 
structur° 1 ° n° electronic properties ° 87 °, the thir° -or° er nonline° r poP rP ° ° ili- 
ty °88, 8°°, the linear optical °° sorption °°°°, °n° the secon° -or° er nonlinear 
susceptibility °°1° of ° 50° , °11 using the ° u-° chrieffer-° eeger mo°el °n° the 
sum-over-st° tes metho° . ° ome nonline° r optic® 1 properties h° ° ° een c° IcuP te° 
previously ° y ° usPgi et °1. using ° tight-® in® ing metho® ®® 2®. ®t h®s even ® een 
specuPte® th®t® 50® (®n® ® go) couP ®e forme® vi® ® mo®ifie® isoprene mech® - 
nism ®s ®n ®®iotic terpenoi® ®® 3 ®. ®iechot® ®n® ®ys®ewski reporte® on the 
c®lcuPtion of the electronic structure of ® 50® + ®® 4 ®. ® hese ®uthors °lso cPime® 
to h®ve prep®re° s°mples cont®ining ® 50® , ® 50® , ®n® ® 53° ° , which wouP ® e ®t 
le°st quite rem°rk®°le, if not just pPin unlikely (see °ect. 5 ). ° he reporte® ® ®° 
spectrum of their m®terPl ° oes not fit the ® ®t® o® Pine® from pure ®°°fullerene 
(see ne®t section). ® n® reoni is unique ®mong the theoretici® ns ®y ®nticip®ting 
the synthetic prep®r®tion of the heterofullerenes (® 50® )2 °n® ® 50® ° .® hile 
most of the work of her group h® s ® een pu® lishe® together with th®t of the e® - 
periment® lists (see ® elow), p®rt of it h® s ®ppe® re® in® epen® ently in the liter® ture 



4.2 

The Dimer Bond in Azafullerene Dimers; Generation and Study of 
Aza[60]fulleren-2-yl and Aza[70]fullerenyl Radicals 

® oon ® fter the first prep® r® tion of (® 50 ® )2 , when the “6,6-close® ” structure of the 
° ° ® fullerene moieties w° s not yet fully est® ® lishe® , ® n® reoni et ® 1 . c° IcuP te° the 
optimPe® structure ®n° the energetic® lly Pvore® conform® tion of the °imer 
using ° ®r-® ®rrinello molecuPr ®yn®mics ®®8®. ®t w®s foun® th°t the two °°lls 
°re linke® in ® -configur®tion °y one ° on® °n® th®t the molecule h°s ° ^ 
symmetry. ® he link is m® ® e ® y the c® r® on ® toms 2 ® n® 2' (m® king the he® ® gon- 
he® ®gon fusions together with the nitrogen ®toms), with the ® ^-® ® on® length 
® eing 1 . 52 ® A (i. e. the “6,6-close® ” configur®tion). ® he -conform® tion mini- 
mi® es the repulsion of the nitrogen electron clou® s. ® he ® -® ' ® imer ® on® w®s 
further c° IcuP te° to°e 1 . 6 °® A,i.e .°.®5 Alonger th®n th°t® etween two °ver®ge 
sp3 ^0^0 o o energy w°s c®lcuPte® to ® e ~ 18 kc®l moP^° v®lue in 
the r®nge of the form® tion enth®lpies of ® imers of ® go with mono°lkyl r°® ic°l 
°°°ucts. 

®ynthetic®lly, the we®kness of the ® imer ® on® w®s use® to prep® re ®®® fulle- 
rene monomer ® eriv® lives from the ® imer ® n® mi® e® ® imers from two ® ifferent 
® imers, ®s w®s ® iscusse® in ® ects. 2.3 ®n® 3 . 2 , respectively. ® he ® imer c®n ® e 
cle®ve® ® oth therm® lly ®n® photochemic®lly, yieP ing two ® 50® ’ r®® ic®ls ®6® ®. 
® 50® • ® n® ® go® • r°® ic°ls ®re isoelectronic with ® go °n® ® 70 , respectively. ®niti°l 



12‘ 



° ° ummelenet°l. 



Attempts to observe °°°°6°°fullerenyl r°°ic°ls °y thermal generation yieP e° 
erroneous results °4°. ° hotochemic® 1 gener° tion of the r° ° ic° Is ° ppe° rs to ° e the 
metho° of choice. ° russ et °1. foun° th°t light-in° uce° °°° measurement 
(oooo ) o solution of (° 50° )2 in l-chloron°phth°lene, using 532 nm l°ser 
pulses, yiel°e° ° spectrum with three equi°ist°nt lines of equ°l intensity, in- 
°ic°tive of hyperfine inter® ction °°°°. ° he hyperfine coupling const® nt is 
3.73 ® ° he isotropic coupling const® nt of 1®.4 ® ® ® is simil®r to th®t of 

® 60® • r®® ic®l 72 (®ig. 33). ® he reporte® v®lues for the fetor of ® 50® ’ ®re 
2.®® 11(1) ®n® 2.®® 13(2). ® his v®lue is higher th®n th®t of ® 60 , 1.°°° 1 °1° 1°. ° he 
unusu® lly low v® lue of the ® 5° r® ® ic® 1 ® nion w® s e® pi® ine® in terms of ®® hn-® el- 
ler ® istortion th®t splits the triply ® egener®te tj^ st®tes, thus le® ® ing to quenching 
of ®ngul®r momentum. ® ®sh®roni et ®1. give two possi®le e®pl®n®tions for the 
positive shift in the heterofullerene r® ® ic® 1® (® ) the lower symmetry of ® 50 ® ‘ rel® - 
tive to th®t of ® 6° removes the ® istortion;® n® (® ) the nitrogen he®vy ®tom effect 
incre®ses spin-or®it coupling in ® 50® ’. ® he symmetry ®rgument is somewh®t 
we®kene® ®y the f ct th®t “® issymmetri®e® ” r®®ic®l ®nions of ® 5° ®eriv®tives 
(meth® nofullerenes ® n® fulleroi® s) show -v® lues closer to th® t of ° 5° °1° 2°. ° ost 
likely, the m®jor®ec®ych®nnel of the® 50® ’ r®® ic®ls is re® imeri®®tion,since® tr®in 
of more th® n 1® ^ light pulses ® i® not ® ecre® se the sign®l intensity. 

® ® ®® me®surements on two isomers of (® 6°° )2> structures 66 ®n® 67, were 
performe® to stu®y the two isomeric ® 6°° ’ r®®ic®ls 2-®®®®7®®fulleren-l-yl 72 
®n® l-®®®®7®®fulleren-2-yl 73, respectively®!®®® (®ig. 33). 

o he ® ® ® ® spectrum of ® imer 66 ® Iso fe® tures ® re® son® ® ly cle® n three-line 
spectrum ®ue to ^^® hyperfine splitting th®t h®s ® more positive -fetor, 
2.®® 24(2), ®n® ® f rger hyperfine coupling, 4.74 ® , th®n those of ® 50® ® his in- 

®ic®tes th®t the unp®ire® electron ®n® nitrogen w®ve functions overfp to ® 
gre®ter e® tent in ®®®fullerenyl 72 ®n® , thus, the electron is more loc®li®e® in the 
vicinity of the nitrogen ®tom. 

o he ® ® ®® spectrum o® fine® from ® imer 67 is more complic®te® ® it shows 
two ^^® hyperfine splittings.® he first is i® entic®! to th®t of 72 ® -v®lue 2.®® 25(2), 
hfc 4.78 ° ° °n® the secon® stems from ® ®ifferent r®®ic®l with ® -v®lue of 
!.®®73(2)®n® hfc of®. 4® ® . ® his w® s e® pf ine® ®y ®ssuming th®t the r®® ic®l 73 
®ctu®lly h®s two ® ifferent electron loc®li®®tion sites, where in one of them the 
unp®ire® electron is ®t the pole position ®s shown for 73 ®n® in the other it is 
force® to ® e on the equ®tori®l site ® ec®use of str®in in the molecule ° ore 
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proof of this phenomenon ° w° its the ° etection of ° ° ° ° sign® Is from prefer® ® ly 
®11 five ® ifferent ®®®®7®®fullerene homo® imers! 



4.3 

Solid-Phase Properties of Azafullerenes 

1 s tru tur ) 2 . ® s w®s the c®se for the theoretic®! c®lcul®- 

tions mentione® ®® ove, the ® riving force for solving the cryst®l structure of the 
® imer w® s the 1 ® ck of ® ^^® ® ® ® sign®l in the e®pecte® region of the spectrum. 
® fter sever® 1 ®ttempts to o® t®in cryst®ls ®y su®lim®tion, ® r®ssi® es’ group w®s 
® ® le to get ® cryst® nine pow® er whose ® ® ® spectrum coul® not e® sily ® e inter- 
prete® , even ® fter use of® high-resolution synchrotron ® -r®y ® iffr®ction source 
®1®3®. ® he pro®lem w®s th®t the ® omin®nt pe®ks were those of® pseu® o-cu® ic 
soli® with l®ttice ® imensions in the s®me or® er ®s those of ® ^o! ® owever, the 
®uthors note® the import® nee of ® we®k, ® ro®® pe®k ®t c® 3® th®t w® s ® ue to ® 
superl®ttice which in®e®e® ®s (l/ 2 ,l/ 2 ,l/ 2 )cu°ic within the fun®®ment®l cu®ic 
cell. ® his ® em® n® e® ® n enl® rgement of the unit cell to orthorhom® ic. ® rom the 
® imensions of this unit cell one coul® now ® ccommo® ®te the ® um® ® ell-sh® pe® 
(® 50 ® ) 2 . ®urther e®®min®tion reve®le® th®t the ®um®®ells were rot®te® ®long 
their long ®®is rel®tive to the ®®is of the l®ttice, forcing further revision of the 
structure to monoclinic. ® ith ®® ® ition®l help from the theoretic®! c®lcul®tions 
® y ® n® reoni mentione® ® ® ove, the structure w® s solve® . 

®n ®ttempts to solve the structure vi® electron ®iffr®ction °y °°° , it w®s 
® iscovere® ® uring prelimin®ry ®® ® e®®min®tion, th®t the morphology of the 
heterofullerene ®imer w®s th®t of spheres of spheres. ® i®nt hollow spheres of 
c®.2-8pmin®i®meterh®® forme® from sm®ller (5® - 1®® nm) ones in the pro- 
cess of “cryst®lli®®tion” ®1®4, 1®5®. ®®ter, ® ell®vi®-® un® ® iscovere® the s®me 
®eh®vior for (® )2 °76®. ® he (® 50 ® )2 spheres were only poorly cryst® lline, 

giving only five lines superimpose® on ® ®ro®® ®morphous ®®ckgroun® . ® he 
lines coul® ®ein®e®e® to ® he® ® gon® 1 unit cell with ® = ® .® 7 A ® n® c= 16.18 A. 

t r ssur 1 ) 2 . ®ynchrotron ® -r®y pow® er ® iffr®ction 

e®periments on cryst® lline (® 50 ® ) 2 up to 22.5 ® ® ® were ® etermine® ®1®6®. ® pon 
® eriving the pressure-volume equ®tion of st®te, it w®s ® iscovere® th®t the m®- 
teri®l o® serve® ®t ®tmospheric pressure rem®ine® st®®le up to the highest 
hy®rost®tic compression stu®ie®. ® he ®ulk mo® ulus (®o) of 21.5 ® ®® ®n® its 
pressure ®eriv®tive, =4.2, were only slightly lower th®n the v®lues o®- 

serve® for® go (® 18.1 ® ®®, =5.7).® y®n®ly®ing the pressure ® epen® en- 

ce of the three l®ttice const® nts it w®s possi®le to ® etermine v®rious ® on® ing 
inter® ctions in the soli® . ® or e®®mple, the ®® sence of strong ®nisotropy in com- 
pressi® ility w®s r®tion®li®e® ®s resulting from the non®lignment of the ® um® - 
® elks long ® ® is with th®t of the unit cell ® ® is, mentione® ® ® ove (® ect. 4.3). ® ow- 
ever, ® s the pressure incre® se® , the inter® imer ® ist® nces ® ecre® se® more th® n the 
intr®® imer ones. ® y the time ® pressure of c® . 6.5 ® ® h®® ® een ®pplie® , ® oth 
® ist® nces were o® serve® to ®ecome of comp®r®®le m®gnitu®e, forcing the 
®uthors to conclu®e th®t ® novel soli® st®te structure with ®lmost isotropic 
® on® ing ® etween spheres h® ® ® een pro® uce® . 
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t ss u )2« ° s st°te° °efore, the electronic structure of 

°°°°6°°fullerene is ° r°m°tic°lly ° ifferent from th°t of ° 50, such th°t the equiv- 
alent of ° 3° 50 woul° ° e ° 2° 5°° • °ince the intercluster ° on° of the ° imer w°s 
c°lcul°te° to ° e very we°k, °n° since °° ° ition of ° num° er of electrons to the 
°imer forces °re°k°ge of the intercluster °on° (see °ect. 4.4), it w°s not sur- 
prising th° t tre° tment of the ° imer with e° cess pot° ssium met° 1 ° t elev° te° tem- 
per® ture le° to the form°tion of ° g® 50® ®1® 7®. ®nterestingly, the ® cc symmetry 
cryst®l structure of this s®lt w® s foun® to ® e i® entic®l to th®t of its ® 50 congener 
®1®8,1®®®. ®here were su®tle ®ifferences, however; for e®®mple, the unit cell 
p®r® meter w®s slightly sm®ller, giving ®n intercluster ® ist®nce of ®.8® A, com- 
p® re® to ® .86 A for ° 5° 6° • ° ^^® use the cryst® 1 structures of ® oth pot® ssium s® Its 
were so simil®r ®n® ®ec®use ° 5°° , un®er stringent con®itions (he® ting in ® 
tungsten cruci® le to more th® n 5® ® ®® ® 1 1® ® or electron imp® ct with gre® ter th® n 
7® ke® ®111®), w®s known to pro®uce ® 50, the synchrotron ® -r®y s®mple w®s 
reporte® to h®ve ® een re-o® i® i® e® in the presence of p® s® ® , to pro® uce ® mi® - 
tureof®5o® ® ®n® (®5o® )2 . ® he mo® ifie® electronic structure of the ®®®fullerene 
rel®tive to the ®ll-c®r® on c®ge require® th®t in ® 5° 50° there shoul® ® e ®n un- 
fille® ®®n® resulting from inter® ction with the open shell ® 50® in the soli® 
St® te; in contr® st to ° 5° 6° > where the he® ® -® nion is close® shell ® ue to complete 
filling of the triply® egener®tetiu level, le®®ing to® fille® ®®n® ®n® thee®pecte® 
insul®ting st®te. ® ence, in contr® st to the ®ll-c®r® on c® se, the ®®®fullerene s®lt 
w®s foun® to ® e ® con® uctor ®t room temper® ture. ® he p®rti®l filling of the 
®®n® w®s®lso reflecte® in the m®gnetic suscepti® ility, which in® ic®te® ® urie- 
® eiss ® eh®vior ®112®. ®n principle, the most interesting s®lts woul® ° e ® 2° 5°° 
®n® ® 1® 50® , where the former is isoelectronic with the supercon® ucting ph® se 
of® 60.® ®ny®ttempts®ythe®usse® group h®ve so Pr Pile® to pro® uce® st®®le 
ph® se of either stoichiometry of the ® ® n® ® ® s® Its ® 1 1 3® . ® ome evi® ence for the 
form®tionof“® °°j(° 5°° )2”°n® “® ® i s(° 5°° )2” compositions, with the interc®l®te® 

® ® resi® ing in the oct®he® r®l interstices, h®s ® een reporte® more recently ®114®. 
®relimin®ry® ® m®gneti®®tion me®surements showe® ® ® urie-like p®r®m®gnetic 
component, superimpose® on ® temper® ture-in® epen® ent ® ® ckgroun® . 

1 tr tru tur )2 ts 1 1 t 1 Its. ® he electronic 

properties of (® 50® )2 in thin films were stu® ie® using photoemission spectros- 
copy (®®®) ®n® electron energy-loss spectroscopy (° ° ° ° ). ° he ® ® ® ® of 
(® 50® )2 is cle®rly ® ifferent from th®t of ® 5° , with the electron ® ensity strongly 
concentr®te® on the® ®toms®n® ® long the ®® is of the ® imer ® on® ®115,116®.®n 
contr®st,the®® ® ® h®s m® inly ® -ch®r® c ter.® hen (® 50® )2 w®s comp®re® to the 
® 6°" -°imerin® imerPe® ® ® P 6°,° lowering of the ® ® ® ® ®n® ° ° ° ° _i st®tesof 
the heterofullerene ® imer w® s o® serve® . ® his re® uces the splitting of the occu- 
pie® electronic levels in (® 50® )2 .®he® Is e® cit®tion e® ge of (® 50® )2resem®les 
th®t of polypyrrole much more th®n th®t of polymethineimine. ® his is in ®gree- 
ment with ® ®6,6®-close® structure for the ®6® ®®®® fullerene moieties. ® he optic® 1 
g®p of the ® imer is ~ 1.4 e® , slightly sm®ller th®n th®t of ® 5° (1.8 e® ) ®117,118®. 
®or(® 5 o® )2 ,® st®tic ® ielectric const® nt £i(®) ~ 5.6 w®s o®t®ine® from the energy- 
loss functions. ® his v®lue is Prger th®n th®t of® °^^i(°) ~4®, reflecting the sm®l- 
ler energy g®p of the heterofullerene ® imer. 
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°he electronic structure of o° 50° s°lts ( =° , ° ° s) w°s °etermine° 

°n°logously using °°° °n° °°°° °11°°. °nterc°l°tion of the three different 
met°ls in (° 50° )2 results in very simiPr ° ° ° spectr° . ° he spectrum for very low 
° content resem° les th° t of the soli° solution “a ph° se” in the ° ° go system. ° pon 
incre° sing interc° 1° tion, ° n ° ° ° ition° 1 fe° ture ° t ~ 1 .2 e° ° in° ing energy ° ppe° rs; 
further incre°se in ° content results in the °ppe°r°nce of ° °ro°° structure °t 
~ ° .5 e° . ° pon ° s° tur° tion, this 1 ° st fe° ture grows in weight ° n° shifts to ° .7 e° , ° 
situation simil° r to th° 1 0° serve® for ° g® go . ° o ° ensity of st® tes ® t the ® ermi level 
w® s o® serve® ®t ®ny time ® uring the interc®l®tion e®periment (®n® logons to the 
situ®tion o® serve® for ® ® 0° 70 °n® ® 0° 70).° 11 of the ® ® ® ® n® ® ® ® ® spectr® ®re very 
simil®r to th®t of ® g® go. ® his is still somewh®t of® pu®®le, if one ® ssumes th®t the 
s®tur®te® heterofullerene s®lts h®ve the ° g° 5°° stoichiometry, since one woul® 
e® pect to fin® some sign of ® singly occupie® ® ® , th®t is to ® e present in ® 50° 



4.4 

Electrochemistry of Azafullerenes 

® he cyclic volt®mmogr®m (® ® ) of (® 50® )2 showe® three overl®pping p®irs of 
reversi®le one-electron re®uctions within the solvent win®ow ( i = -®®7 m®, 
2 =- 1®71 m®, 3= -1424 m® , 4 = -1485 m® , 5 = -!® 7 ® m® , g=- 2 ® 8 ® m® ; 

ferrocene/ferrocenium couple, intern®! st®n®®r®) ® 7 ®. ® com® in® tion of line®r 
sweep volt®mmetry ®n® chrono®mperometry est®®lishe® th®t ®11 overl®pping 
w® ves were two-electron re® uctions ® 12® ®. ® here w® s ® Iso ® n irreversi® le two-elec- 
tron o® i® ® tion with ® pe® k potenti® 1 ® t -H 886 m® , th® t is ® .2 ® more neg® tive (e® sier 
to o® i® i®e) th®n ® go °121®. ® he ®ppe®r®nce of closely sp®ce® p®irs of w®ves in the 
® ® w®s interprete® in terms of two (i® entic®l) we®kly inter® cting electrophores, 
simil®r to the ® i®nthryl®lk®nes ®122®. ® fter the thir® ® ou® le w®ve, the process is 
irreversi® le, this w® s interprete® ® s irreversi® le cle® v® ge of the ® imer ® on® . 

® he situ® tion with the electrochemistry of® 50® ® is somewh®t more compli- 
c®te® ®ec®use the re®o® w®ves correspon® to electrochemic®lly irreversi® le 
steps, ® result which w®s interprete® ®s ® rising from the we®k ° ° on® ®66®. 

® he first ®n® secon® re®uction w®ves occur ®t more neg®tive potenti® Is 
( i = -ll®6 m®, 2 =“ 15 ®® m® ; ferrocene/ferrocenium couple, intern®! st®n- 

®®r®) th®n the ®imer ®ut very slightly more positive potenti® Is th®n ® go ®n® 
signific® ntly more positive potenti® Is th®n ®ny ® ihy® ro ® go ® eriv®tive, ® reflec- 
tion of the higher electroneg®tivity of nitrogen vs. c®r® on. ® he o® serve® irre- 
versi® le o® i® ® tion w® ve ® t -H 823 m® (vs. ferrocene/ferrocenium couple, intern® 1 
st®n®®r® ; 57 ® m® e® sier to o® i® i® e th® n ® go!) m®y®lso® e® reflection of the we® k 
® -® ® on® , or m®y stem from the ioni®®tion of one of the lone p®ir electrons on 
the nitrogen ®tom. 

5 

Miscellaneous Reports on Other Heterofullerenes 

®n this section we will ® riefiy summ® ri® e the liter® ture with respect to reports on 
heterofullerenes other th®n ®®®®6®®fullerene ®n® ®®®® 7 ®®fullerenes. ®ince we 
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limit ourselves to heterofullerenes in the narrow sense of the ° efinition, non- 
c°r° on clusters °n° most ° n ° n° p clusters ° re neglecte° here to le°ve 

reports on ° 50° , ° 53° 2> ° 57° 3> ° 53° ° the correspon° ing heterofullerenes 
° erive° from ° 70 to ° e reviewe° . 

° heoretic° lly, even this limit® tion still le°ves us with °n enormous num° er of 
structures® while for every ® there is only one ® 50 ® isomer, for hetero®6® ®ful- 
lerenes ® 53° 2 there ®re ®lre®®y 23 possi®le isomers (of which some ®re chir®l), 
not to mention the num®er of isomers of the hetero®6®®fullerenes ® 57® 3! ®n 
® ig. 34, the 23 isomers of ° 53° 2 ° shown, together with the °° ° ° ° num® ering 
® 22 ®. 



r ull r s. ® or® fullerenes were the first heterofullerenes to ® e reporte® ® y 
the ®m®lley group in 1®®1 ®n® there®fter ®123-126®. ®®ser v®pori®®tion of ® 
gr® phite/® oron nitri® e composite ® isk ® n® ® n® lysis of the forme® clusters ® y the 
® ourier tr®nsform ion cyclotron reson®nce (° ° _°° ° ) ° evice yiel® e® m® ss spec- 
tr® with “clusters” of pe®ks correspon® ing to ® ^ °n® ® n-°° ° (with n even 
® n® > 44). ® rom the ® econvolute® m® ss spectr® , the ® ppro® im® te ® mounts of the 
®or®®6®®fullereneions,rel®tiveto® 6^ (=r® %),were c®lcul®te® to® e®5%® 50® +, 



1 ®®%® 



58 2 



,82%® 57® 5,42%® 






o + c 
55 5 > 



’%® 



o + 

54 6 - 



pon e posure 



of this set of ions to ® ® 3 ®t low pressure, ® new series of pe®ks w®s o® serve® , 
correspon® ing to ®® ® ucts with formul® s ® 50® (® ® 3), ® 53® 2(° ° 3)2 » etc, with the 
s®me rePtive ®®un®®nce. ® simil®r series of ® or®®7®®fullerene ions w®s o®- 
serve® ®roun® the m/®=84® cluster. ® he ®uthors specuPte th®t since every 
® oron ®tom ®ppe® rs to ® e ®® le to ® in® ® n ®mmoni® molecule, the ® oron ®toms 
® re likely to ® e well sep® r® te® on the surP ce of the c® ge. ® urther support for the 
heterofullerene structure of these g®s-ph®se ions w®s foun® in the photophys- 
ic®! ® eh®vior®e® posure to l®ser pulses yiel® e® spectr® showing the typic®l ful- 
lerene “shrink-wr® p” pe®ks from successive loss of ® 2 fr®gments. ® ®ter, when ® 
® ® 1/® oron/gr® phite composite t®rget w®s l®ser v®pori®e® in ® 12°°°° tu®e 
furn® ce, m®teri®l w® s collecte® th®t showe® pe®ks in ® ® -®® ® m® ss spectr® th®t 
were ® scri® e® to ® 50® , ® @® 50® , ® n® ® @® 53® 2 ions. ® ® ser photolysis of these ions 
®g®in le® to the ®ppe®r®nce of shrink-wr® p pe®ks ®124®. 

®n 1®®6, ® uhr et ®1. reporte® on the m®croscopic prep®r®tion of ® or® fullere- 
nes using the ® rc-ev® por® tion metho® on gr® phite ro® s ® ope® with either ® oron 
nitri® e, ® oron c®r® i® e, or ® oron ®127®. ® n e® tr® ction ®n® enrichment scheme 
w® s use® for the heterofullerene content of the soot, involving pyri® ine e® tr® c- 
tion ®n® su® sequent tre®tments of the e® tr® ct with ® ®2 (yiel® ing e® tr®ct 1) ®n® 
pyri® ine (e® tr® ct 2). ® eg® tive mo® e ® ® ® m® ss spectroscopy of e® tr® ct 2 showe® 



cle® r contri® utions of ® 



ions to the m/® = 72® ®n® 84® pe®k 



clusters.® he use of ^°® -enriche® m®teri®l confirme® the® ® interpret® tion.® nly 
mono® or® fullerene ions were o® serve® . ° ° ° spectr® of the e® tr® ct showe® ® 
pe®k®t 188.8 e® th®tw®s ®ssigne® to® oron (Is core level) in® or® fullerene (® 50® 
m®inly). ®re®tment of the soot with ® ® ® suppose® ly le® to e®tr® ction of the 
“® or® fullerenes”, ®n® ®lso to their ® ecomposition. ® hese workers further report 
th®t the e®tr®cte® m®teri®ls ®ppe®r to ®e moisture sensitive, le®®ing to the 
form® tion of ® oron o® i® e or ® oric ®ci® . ® iechot® et ®1. performe® ® simil®r pro- 
® uction e® periment ® n® e®tr®cte® the soot in the st®n® ®r® m® nner with toluene 
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(1.2) (1,3) [=1,5=1,10=1,12] (1,4) [=1,11] (1,6) [=1,9] 




(1,17) [=1,20=1,25=1,28](1,18) [=1,22=1,23=1,27] (1,19) [=1,26] (1,31) [=1,32=1,36=1,45] 




(1,33) [=1,40=1,41=1,48] (1,34) [=1,37=1,44=1,47] (1,35) [=1,46] 




(1,38) [=1,43] (1,39) [=1,42] (1,49) [=1,50] (1,51) [=1,59] 




(1,52) [=1,54=1,56=1,58] (1,53) [=1,57] (1,55) (1,60) 

Fig. 34. ° he 23 possi°le positions of two hetero°toms in heterofullerenes with formuP ° 53° 2 
(the positions of the hetero° toms ° re in° ic° te° ° y * ; ° tom num° ering ° ccor° ing to °° ° ° ° rules) 
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°n° °n°ly°e° the e°tr°ct without °ny further purification, since too much m°- 
teri°l seeme° to ° e ° oun° irreversibly to °lumin° when the Ptter w°s use° °s 
soli° ph°se for column chrom°togr°phy. ° ° °n° lysis of the cru°e e°tr°ct °i° 
not in°ic°te the presence of or° fullerenes”, however ° 31 °. ° urprisingly, in 
none of the two reports w° s it mentione° th°t, ° ° se° on the previously pu° lish- 
e° properties of ° 50° , isoPting neutr°l °n° unsu° stitute° monomeric ° 50° 
woul° ° e very unlikely since it is °n open shell molecule. °n ° hemic°l ° ° streets 
we foun° ° ° hinese report on ° g°s-ph°se preparation metho° th°t yiel°e° 
m° ter Pis showing m°ss spectr° with pe°ks interpreted °s ° 50° , ° 2 y 

° 57° 3 ions ° 128 °. 

° or°°6°°fullerene (° ° ° n°me for the r°° ic°P 2 -l-° or°° 5 , 6 °fulleren-° 5° 
2-yl) h°s ° een the su° ject of v°rious types of c°lcuPtions. ° n° reoni et °1. use° 
the ° ° r-° ° rrinello metho° th°t prove® quite °ccur°te in c°lcuPting ° num° er 
of properties of ° go . °t w° s foun° th° t the ° ° tom rem° ins threefoP coor° in° te° 

° n° most of the ° istortion is loc° IP e° on the ° ° on° s. ° he length of the “6,6” 

°-° °on° incre° ses ° yl°%, while th°t of the “ 5 , 6 ”°-° ° on° s incre°ses °y 7 . 5 % 
reP tive to ° go , ° ccor° ing to these c° IcuP tions. ° ence, the ° or° °6° °fullerene c° ge 
is e°pecte° to ° e close® . ° he “impurity st°te” is strongly loc°li°e° , °s in ° 50° . 
° r°°i°l,inw°r° ° irecte® , ° ipole moment of ~ 1.4 ° w°sc°lcuPte° °8°°.°urit° 
et ° 1 ., in ° series of p°pers, reporte® c®lcuPte® molecuPr structures, ® in® ing 
energies, ®n® electronic properties of ® 50® , ® gg® 2, ®n® sever® 1 other heterof- 
ullerenes using ® ® ® metho® with ® ®rris ®ppro® im®tion ®12® - 131 ®. ® hey en- 
visione® only ® 4.2 ®n® 4 . 7 % incre®se, respectively, in the “6,6” ® -® ®n® “ 5 , 6 ” 
° -® ® on° lengths in ® 50® . ® he ® in° ing energies for ® go , ® 50° , °n° ° 50® were 
foun° to °e ®lmost Pentic°l. °or ® 5s°2> two isomers were consPere®, 
n®mely one with the two ® oron °toms °s “ne® rest-neigh® or sites in ® pent®gon” 
(i.e. l,6-°i® or°®6®°fullerene) ®n° one with the °oron °toms on opposite sites 
(i.e. 1,6®-® i® or®®6®°fullerene), the Ptter ®ppe®ring to h®ve very much the s®me 
properties ® s ® 50® . ®n the 1,6 isomer, ® he®vy ® istortion w® s foun® , ®lre® ® y evi- 
® ent from the ° ° on® length, c®lcuPte® to ® e 1.65 A. ® owever, ® ccor® ing to 

the c®lcuPtion, this ®i® not signific® ntly ®ffect the ® in® ing energy. ® 50® (®n® 
sometimes ° 53® 2) w®s ®lso consi® ere® ®n° comp®re° to ° 50® with respect to 
electronic structure, (nonline® r) optic® 1 properties, °n® in met°l comple®es in 
sever® 1 other theoretic® 1 stu° ies, °lre°®y mentione® in °ect. 4.1 ® 31 , 7 ®, 83 , 85 , 
87 - 8 °, ®2°. ®urthermore, °iu et ° 1 . c®lcuPte® the electronic properties of 1,2-, 
1 , 3 -, 1 , 58 -, 1 , 5 ®- ®n® 1 , 6 ®-® i® or®®6®°fullerene ®n® the correspon® ing °i°°° 
®6® bfullerene isomers using the ® u-® chrieffer-® eeger (°°° ) mo® el ®n® foun® 
th®t the results were not ®lw®ys consistent with those o® t®ine® ®y the ° ° 

metho® ® 132 ®. ® u et ® 1 . use® the ® ®® mo® el to compute the thir® -or® er poPrP- 
°°ilityofl,6-®n® 1,6°-° 53® 2 °n° comp®re° thec®lcuPte® y-v® lues with those of 
the -®n°logs ®n° ° 50® . 1,6®-° 53° 2 h®s the Prgest y-v® lues ® 133 , 134 °. ° hen °n® 

° in consP ere® ®11 23 isomers of ° 53° 2 in their c°lcuP tions on ® ® ® ° 135 °. 

° P et ° 1 . foun® in their c°lcuP tions th®t in ® 53° 2 isomers in which the two 
® oron ®toms were further ®p® rt on the surPee of the ® ®11, the open shell ° ir°® - 
ic®l form ® ecomes more Pvor°® le th® n the close® shell structure ® 136 ®. 

® iy®moto et ® 1 . c®lcuPte® the electronic structure of soli® ® 50® ®s®met®llic 
fullerene m®terPl consisting of single molecules ® 137 ®. ®®king the e®perimen- 
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t°lly 0° serve® consistent ° imeri°ing ten® ency of the known fullerene mono- 
r®® ic®ls ®n® monor®® ic®l ions into ® ccount, this seems to ® e ® highly hypothe- 
tic®! situ®tion! 

® ou et ®1. c®lcul®te® the electronic st®tes of® , with n = 5®, 17®, 23®, 41®, 53®, 
71®, 77®, fin® ing ® loc®li®e® ® istortion ®n® ® “mi® -g®p st®te”, ®ppe®ring in the 
origin®! g®p of the pristine fullerenes ®138®. 

®n our opinion, ®y fr the most import® nt ®n® ch®llenging future work to ® e 
® one on ® or® fullerenes is to ® esign ®n® perform ® r®tion®l synthesis for ® 50° (°s 
the ® imer, ® s®lt or ® ® eriv®tive), most likely st®rting from ® , °s w® s ® one for 

®®®®6®®fullerene. 

z ull r swt r tr t . ® p to now,no ® i®®®®6®®ful- 

lerene h®s ® een prep® re® , most likely not even in the g®s ph®se. ®ince ®11 ® 53® 2 
isomers, especi® lly the ones with two ® ® j® cent nitrogen ® toms, shoul® , in princi- 
ple, ® e ®® le to rel®® to close® shell structures, monomeric pristine ® 53® 2 seems 
® fe®si®le t®rget. ®n 1®® 1, it w®s reporte® th®t m®ss spectroscopy of the toluene 
e® tr® ct of soot, o® t® ine® ® y cont® ct-® rc v® pori® ® tion of gr® phite in the presence 
of® 2,showe® pe®ks th®t were tent®tively ®ttri® ute® to formul®s such ®s ® 70® 2, 
° 5°° 6» ° 5°° 4» ° 5°° 2 - further e®periment®l evi® ence w®s given for 

such structures, this interpret® tion is pure specuPtion ®23,24®. ® lenis et ®1. 
reporte® on ® simil®r e® periment, ® ut using pyrrole g® s ®s the source of nitro- 
gen ®toms. ® lement®! ®n® lysis of the soot showe® ®lmost 1% ® -content. ® he 
toluene e®tr®ct w®s chrom®togr®phe® on ® lumin® , resulting in ® “yellow-or® n- 
ge”, ® “yellow-green”, ® n® ® “® ® rk or® nge” ® ® n® , su® sequently. ® he m® teri® 1 from 
the secon® ®®n® w®s ®n®ly®e® ®y m®ss spectroscopy,® ® -® is ®n® fluorescence 
spectroscopy ®26®. ® ®ss spectroscopy reve®le® pe®ks ®t ®lmost every even m/® 
V® lue ® etween 64® ® n® 7° ° ° speci® lly ® etween 72® ® n® 7® ® ® mu, only even m® s- 
ses were o® serve® . ® he ®uthors conclu® e from this spectrum th®t, ne®t to ® 5°® , 
only molecules with even-num® ere® r®tios of ® to ® ®toms ®re forme® (like 
° 58° 2> ° 56° 4> etc.). ® e, however, consi® er it impossi® le th®t heteroful- 
lerene woul® show even m®ss pe®ks , unless pure ^^® -gr® phite w®s use® in 
the e® periment! ® ® ter, the e® tr® ct w® s su® mitte® to ® ® ® ® , using ® ® ® ® column, 
to yiel® ten sep®r®te® fr®ctions, th®t were regrett®®ly not su® mitte® to m®ss 
spectroscopy ®ut ®n®ly®e® ®y ®® sorption ®n® fluorescence spectroscopy only 
®27®. 

o ioooo6oofuiierenes h®ve ®een the su®ject of sever®l theoretic®! consi® er®- 
tions ®n® c®lcul®tions, however - ® ®rfunkel et ®1. consi® ere® the ten possPle 
isomers of ® 53® 2 , with the nitrogen ® toms sep® r® te® ® y m® ® im® lly three c® r® on 
®toms ®13®®.®ome thermochemic®! ®n® electronic properties of the close® shell 
structures were c®lcul®te® using v®rious metho®s. ®t w®s foun® th®t l,7-®i®- 
ooo6®ofullerene, with the two nitrogen ®toms in ® 1,3-Pshion in the s®me pent®- 
gon, ®ppe®rs to ® e of rem®rk®®le st®® ility (15 kc®l mo\-^ more st®®le th®n the 
ne®t most St®® le isomer, ®ccor® ing to ®n ® ® 1 c® Icul® tion). ® he geometry of ® 11 
isomers ®ppe®rs to ® e very much like th®t of ® 50 , ° ut the pre® icte® vi® r®tion®l 
spectr®®n® the® ®® ® °n®®®® ® v® lues ® iffer signific®ntly.® hese workers ® Iso 
consi® ere® some “trunc®te® ” heterofullerenes, ® ® se® on the ® go skeleton. ® ome 
of the structures, with formul® ® 54® 4, show some resem® l®nce to porphyrins. ®n 
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several computation® 1 stu® ies, efforts were m®® e to comp® re v®rious properties 
of ® 58® 2 with those of ® 53® 2 (see ® ® ove) ® 7 ® , 83 , ® 2 ® (23 isomers), ® 1 3 ® - 1 34 , 1 36 ®. 
® he ® irsch group h® s mentione® ® n i® e® for ® synthetic route tow® r® s ® 53° 2» 
st®rting from ® go ° 7 ®®. ® he rem®rk®® le regioselectivity in the ° is°° ° ition of ®®i- 
® es to ® go h® s prevente® ® simple “® is-version” of the synthetic routes, ® escri® e® 
for ® 50® ®n® ® go® compoun® s. ® ® ® ition of ® is®®i® es in which the two ®®i® e 
moieties ® re tethere® ® y ® (remov® ® le) sp® cer might ® Iso ® e consi® ere® ® s ® first 
step in ® route tow®r® s cert® in isomers of ® 53° 2*° he synthesis of® 53® 2 is possi- 
®ly complic®te® if the form®tion of the two ® -sites is not simult® neous® in th®t 
c®se,® nopen shell interme®i®te,®sfoun® in the synthesis of (® 50® )2, might give 
rise to ®n un® esire® re®ction p®th. 

®iihl h®s propose® th®t he®®®®®®6®®fullerene, ® 54® g, coul® ®e ®n ®rom®tic 
molecule, ® eing isoelectronic with ® go" ° 14 ®®. ° n ®® initio stu® y of si® highly 
symmetric®! ® 54® g isomers in® ic®te® th®t two isomers with ® 30 symmetry m®y 
h®ve l®rge en® ohe® r®l chemic®! shiel® ings, much more th®n the other isomers 
with ® 3 symmetry. 

z r 60 ull r . ® f the m® ny possi® le isomers of ° 53° ° , most (comput® - 
tion®l) ®ttention h®s ® een given to the 1,2-, 1,6- ®n® the 1,6® -isomer. ® here ®re 
no reports of form®tion of ® 53° ° in g®s-ph®se heterofullerene prep®r®tion 
e®periments. ® his m®y ® e ® ue to the Pet th®t ® 53® ® h®s ® m®ss of 72®/721 ®mu 
(~ 1 ® 4 ), ®p® rt from ^^® contri® utions, which m®kes it very h® r® to ® e ® etecte® 
un®m® iguously in the ® ® of mi® tures th®t ®lso cont®in ® g° . ° iechot® et ®1. ® o 
in®ee® mention ® higher 721 / 72 ® r®tio in their possi® ly heterofullerene-con- 
t®ining pro® uct th®n in the pro® uct from ® c®r® on-only e®periment, ® ut foun® 
no other proof for ® 53® ® ® 31 ®. ® hese workers c®lcul®te ° ° ° ° ° ° ° g°p of 

2.2®n® 1.8 e® for the 1,2- ®n® 1,6 isomer, respectively, using the so-c® lie® ® g®uss 
progr®m, while ® iu et ®1. foun® simil®r g®ps of ~2 e® for ® non-specifie® “ne®- 
rest neigh® or” ® ® structure ® n® the 1,6® -isomer, using ® tight-® in® ing ® ppro® - 
im®tion qu®ntum mech®nic®l metho® ® 83 ®. ® ust®gi et ® 1 ., without much scien- 
tific ®®o, envision interesting nonline® r optic® 1 effects in 1,6®-®®®® or®®6®®ful- 
lerene ®® 2® . ® i® et ® 1. foun® in their c® Icul® tions th® t ® 11 isomers of ® 53® ® ® re pre- 
fer®® ly in the close® shellconfigur®tion(incontr®stto® 53® 2). °n the 1,2-isomer, 
® ®n® ® h®ve estim®te® ch®rge ® ensities of -H ®.®523 ®n® -® . 145 ®, respectively, 
while in the (presum® ®ly) 1 , 3 -isomer ®n® the 1 , 6 ® -isomer ®oth hetero®toms 
h®ve neg®tive ch®rge ® ensity ® 136 ®.® thers c®lcul®te® ®on® lengths ®n® ° ° ° ° - 
00 o o gOpsQfthe 1 , 6 - ®n® the 1 , 6 ® -isomer ®n® foun® ° ° °on® of 1.61 Ain 
the 1,6-isomer ®n® ® P ctor 8.6 ® ifference in the energy g°p ° etween the two iso- 
mers ® 131 ®! ® sPrj®ni et ® 1 . performe® comput®tions on the 1,2- ®n® 1,6® -iso- 
mers of ® 58® ® in the soli® st®te ®141 - 143 ®. ® hese workers ® iscuss the v®rious 
possi® ilities for the n®ture of the ° ° on® in the 1,2-isomer, the limits ® eing 

“cov®lent” (yli® e > ® " = ® +<), “ionic” (“open” structure with > ® + ® n® ® " <), ® n® 
“no ch®rge tr®nsfer” (with ® single >°-° <cr-®on®). ® ® Icul® tions on the fee 
soli® -st®te electronic structure in® ic®te® the presence of® single ° ° on® with 

slight ch® rge tr® nsfer from ® to ® . ® owever, since the ° ° on® length w® s fi® e® 

®t 1 . 4 ® A, this comput® tion®l result, re® son®® le ®s it m®y seem, m®y still 
®eoflimite® v® lue, ® s w® s recogni® e® ® y the ®uthors ® 142 ®. 
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60 trullr swt trt str fter unsuccessful 

° ttempts ° y the ° m° Iley group, ° lemmer et ° 1. reporte° the form° tion 
(n = 28-5°) clusters upon pulse° l°ser v°pori°°tion of ° mi°e° ° °° /graphite 
composite ro° °144°. ° rom the ° ifference ° etween even ° n° o° ° n ° ° ions in 

their chemic°l re°ctivity tow°r° s ° 2 ° 2> ^vi° ence w°s foun° for the 0° ° 

num° ere° c° ges to ° e (qu° si)heterofullerenes inste° ° of en° ohe° r° 1 comple° es. 
° o clusters with ° ° /° ° r°tio of ~6° °1 were ° etecte° , however. 

°n our opinion, heterofullerenes with ° iv° lent hetero° toms, like ° ° n° ° ° re 
potentially interesting compoun° s ° ec°use they coul° possibly e°ist °s neutr°l 
yli°e structures with +<°n° >"° -° + <°on°s, respectively. ° ltern°tive 

structures for ° 50° °n° ° 50° °re less ionic trunc°te° qu° si-fullerene structures 
° e° ring ° c° r° onyl or thioc° r° onyl moiety, ° s shown in ° ig. 35. 

° urit° et °1. c°lcul°te° ° ° 50° cluster °n° foun° ° he°vily ° istorte° structure 
with ° “°on° lengths” of 2.°1 °n° 2.16 A, ° r°ther low °in°ing energy of 

5.1 e° /°tom,° o o o o o o gOp of °.63 e°,°n° °n °tomic ch°rge of +°.5 on 
the ° °tom °12°°. ° °ter, ° lenis et °1. trie° to prepare thi° fullerenes °n°logously 
to their previously reporte° metho° of cont° ct-° rc v° pori° ° tion of gr° phite, ° ut 
in the presence of thiophene or 3-methylthiophene inste°° of pyrrole °145°.° e 
fin° it striking th°t column chrom°togr°phy of the soot e° tr° ct (cont° ining 2 % 
° ° y element® 1 ° n° lysis) yiel® e° three ° ° n° s with the s° me colors ° s in the c° se 
of their °ttempte° °°°fullerene prep® r° tion (see®® ove).® ®nype®ks with temp- 
ting ® mu num® ers were o® serve® in m® ss spectroscopy, ® ut there w® s no proof 
for ®ny heterofullerene structure. 

® f the o®ygen-cont® ining heterofullerene Pmily, 0®®®6®®fullerene, ® 50® , h®s 
only ® een mentione® ® s possi® ly present in the form of ® 50® + ions in g® s-ph® se 
e®periments ®y ® hristi®n et ®1. ®25,146®. ® t collision energies ® etween 15 ®n® 
75 e® , ® + ions ®n® g®s-ph®se ® 50 yiel® e® pe®ks in ® ® th®t were interprete® ®s 
o®®-si®e® “fullerene o®i®e” ions of the form ® 5o_2n° (n = ®-4), ® ecomposing 
prim® rily ® y ® 2 loss, ret® ining the ® ® tom. ® he possi® ility of the structures ® eing 
° ° 58-2n slightly f vore® ®y the ®uthors, however. ® ®rfunkel et ®1. repor- 

te® on ® philosophy ®®out trunc®te® heterofullerenes cont® ining ® ®toms or 
o On® o ®toms in such ® w®y th®t crown-ether-like structures woul® ® e present 
®sp®rt of the c®ge®13®®. 

®urely hypothetic®! ®re the mono- ®n® the 23 ® iphosph®®6®®fullerene iso- 
mers,® 50® ®n® ® 58®2,consi®ere® using® ®®-®®se® c® Icul® tion ®y ® hen ®n® ®in 
®135®. 





Fig. 35. ° ossi°le structures for ° 50° °n° ° 5o°°yli° e heterofullerenes or open-c°ge (thio)c°r- 
° onyl qu° si-fullerenes 
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° °stly, we foun° two reports on sil° fullerenes °147,148°. °n 1°°3, °elski et °1. 
compute® the structures °n° relative st°° ility of ° 50 °!, 1 , 2 -, 1 , 6 ,- l, 6 °-° 58 °i 2 , 
°n° ° ° 48 °ii 2 isomer °y ° ° ° 1 metho® . ® hese structures were pre® icte® to ® e 
St® ® le ® n® to show ® ste® ® y ® ecre® se of the ® ® n® g® ps with the incre® sing num- 
® er of ®i ®toms. ® hese workers ® i® not hesit®te to mention the possi® ility of ® 
polysilo® ®ne type 1,6®-® isil®®6®®fullerene polymer. ® imur® et ®1. ®n®ly®e® the 
pro®ucts from pulse® -l®ser v®pori®®tion of silicon-c® r® on composite (“®ulk 
siliconi®e® c®r® on”) ro® s ® y time-of-flight ° ° ° nly sm®ll pe®ks were o® serve® 
th® t woul® m® tch the m® sses of “® i® -clusters” (61 > > 56). ® ince no further evi- 
® ence w® s given, sil® fullerenes ® re still ® est consi® ere® ® s hypothetic® 1 structures. 

® onsi® ering the Pet th®t, ®t ® est, sc®rce proof w®s given for the e®istence of 
only some of the heterofullerenes mentione® in ® ect. 5, there ® re ®lre®® y ® sur- 
prising num® er of p® tents covering, ® mong other things, the prep® r® tion ® n® /or 
uses of such m®teri®ls ®34,14® - 153®! 
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The Higher Fullerenes: Covalent Chemistry and Chirality 

iiurlo iihilgeii^ • iiruu^ois iiieuerich^ 

uiiborutorium fiir ii rgiiiiische lihemie, iiuii -iieutrum, iimuersitatstriisse 16, iiii -8092 iiiirich, 
iiwituerliiuu 
1 
2 



higher fullere es, i clu i g some of their isomers, c be sep r te b high per- 
form ce liqui chrom togr ph ( ) o umber of st tio r ph ses, rem rk ble f ct 

i iew of the simil rit of the c rbo spheroi s which iffer mil i sh pe electro ic 
properties of their 7T-S stems, i itio to slight ri tio si si e. cept for 70, which is 
il ble i prep r ti e mou ts from fullere e soot e tr ct without te ious purific - 

tio h s bee eri ti e i m w s, most sep r tio s of the 1 rger c rbo spheroi s 

re limite to the milligr m sc le require multistep chrom togr phic purific tio . 
urthermore, t ki g i to ccou t the rel ti el sm 11 mou ts of these c rbo c ges co - 
t i e i fullere e soot, the il bilit of pure higher fullere esh srem i e the bottle eck 
i the fiel of their multif cete chemistr . till, umber of pure ucts of 75, 73 34 

h s ow bee isol te ch r cteri e , re cti it s well s regioselecti it pri ciples 
begi to emerge for the higher fullere es. 

other f sci ti g spect of this rese rch is the chir lit of m higher fullere es 

umerous eri ti es of chir 1 s well s chir Ip re t c ges. t c origi te from iffere t 

structur 1 ch r cteristics of the spheroi s h s le to the formul tio of ew simple 
CO figur tio 1 escriptor s stem, he stu of chir 1 fullere es eri ti es with chir 1 
fu ctio li tio p tter ,i iti te b the isol tio ch r cteri tio of (±)- 2 - 76 >co - 
stitutes the ce tr 1 topic of the prese t re iew. ollowi g the successful resolutio of 7^ b 
two iffere tmetho s, the structur 1 ssig me tofitse tiomersbec me possible through 
comp riso of the e perime t 1 to c Icul te circul r ichroism spectr . 

Keywords: ullere es (higher fullere es), hir lit , tereo escriptors, e cti it , egio- 

selecti it . 
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1 

Introduction 

iihe isoliitioii iiiiii chiiriicteriiiiitioii of 2 'Stoimetricul iiy^ iii 1991 iiliileii to 
importiiiit coiiclusioiisiiit wiis showii thiit pure fullereiies with more thiiii 70 ciir- 
boii iitoms coulii be isoliiteii iii miicroscopic quiiiitities from soot proiiuceii 
bii the ii ratschmer-ii uffmiiii methoii u2ii iiiiii thiit the iiiiporiiiiitioii of iichiriil 
griiphite wiis iible to geiieriite chiriil ciirboii ciiges. ii iiss spectrometric eiiiiieiice 
for the preseiice of higher fullereiies - thiit is, ciirboii molecules ii^ (ii >70) - iii 
cruiie fullereiie soot eiitriict hiiii beeii obtiiiiieii shortlii before, iiiiii optimiiiiitioii 
of the fullereiie purificiitioii protocol sooii iifforiieii milligrum siimples of mii- 
teriiil eiiricheii iii higher fullereiies iBii 

iiiieii though pure or eiiricheii siimples of certiiiii higher fullereiies iire com- 
merciullii iiiiiiiluble iiowiiiiiiiis, their prices iire prohibitive, iii geiierul, for use iii 
prepiiriitiiie work, iihus, iiiiii siiiithesis with iiyg, iiyg, or higher fullereiies hiis to 
be preceiieii bii ii teiiious isoliitioii of the stiirtiiig rniiteriiil from fullereiie soot, 
iihe iiiiiiilubilitii problem is iiue iii piirt to the low ubuiiiiiiiice of the liirger ciirboii 
spheroiiis iii the fullereiie soot iMii ii espite ii iiumber of efforts to remeiiii this 
situiitioii u5ii there hiis beeii iio miijor breukthrough iii iiicreiisiiig the ubsolute 
iiielii of higher fullereiies iii the proiiuctioii process, iiurthermore, whereiis 
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simple protocols biiseii oil chromiitogruphu u 6 - 9ii criistullmutiou iilOu uilii host- 
guest-iuteriictious iil 1 , 12 uullow ii liirger sciile purificiitiou of ii^o u7, Suiiuu, to ii 
certuiii eiiteiit, iilso ofiiyo iP, 13u the isoliitiou of higher fullereiies still relies oil 
multistage chromiitogruphu iB, 4ii iiure species ure uuuiluble iii 1 - 100 mg quilii- 
tities through high performuiice liquiii chromiitogruphu (ii iiiiii) purificiitioii of 
fullereiie soot eiitriict preiiiouslii iiepleteii from most of the fiir more ubuiiiiiiiit 
iigo uiiii iiyo ul4, 15ii iihe first isoliitioii of 2-^76 ulu hiiii of iiyg ul 6 u which coulii 
be sepiiriiteii iiito two isomers of 2 u hiiii 3 -siimmetru, wiis iichieiieii bii ii iiiiii 
oii iipoliimeric iil 8 reiierseii phiise columii. n-uciuic stiitioiiiirii phiises, e.g. the 
tris(2,4-iiiiiitropheiioiiii)-biiseii iiuckiiclutcher ii iil7u or ii bromiiiiiteii polii- 
stiireiie phiise hiiiiiiig properties of poteiit fullereiie soliieiits ul 8 ii hiiiie proiieii 
piirticuliirlii effective for the prepiiriitiiie sciile ii iiiiii purificiitioii of higher 
fullereiies. 

ii espite ii iiriimiitic iiicreiise iii the iiumber of possible fullereiie isomers with 
eiipiiiiiiiiig ciige siik ul9ii iiii uiiiimbiguous structural iissigiimeiit biiseii oii ^^ii- 
iiii ii or ii-riiiicriistullogriiphii wiis possible for 2 -^ 76 ^ 1 ) 20 , 2 Iii 2 u-h 78 ulb, 20, 
22ii 3 -U 78 UI 6 , 20,22ii 2 a -h 73 020, 22ii iiiiii 2 u -084 u23,24ii(iiig. 1). if ii rigorous 




D 2 -C 80 D2~Oq4 ^2d-^84 



Fig.1. ii selectioii of higher fullereiies for which certuiii to coiifiueiit structuriil ussigiimeiits 
were possible, iihe chiriil ciirboii spheroiiis iire represeiiteii bii ii siiigle eiiutiomer oiilii; iii the 
ciise of 2-ii76 > the coiifiguriitioii iis well iis iichuriicteristic iiii (circuliir iiichroism) muiiimium 
of the showii eiiiiiitiomer iire iiiiiicuteii 



138 



ii. iihilgeii • ii ii ieiierich 



euperimeiitul isomer ussigiimeiit is impossible, ciilculuteu heiits of formiitiou, iii 
coujuuctioii with -ii ii ii spectroscopii, miiii proiiiiie ii structural leiiii, iis iii the 
ciises of the isoliiteii fullereiies 2"h82h22u,or 2-^841^) 20, 22, 24, 26ii 

(iiig. 1). 

if the coiiuleiit chemistrii of higher fullereiies u27ii wheii compiireii to thiit of 
iigo u28-32ii hiis beeii hiimpereii bii the sciircitii of pure stiirtiiig miiteriul, it 
iieiiertheless eiiperieiiceii ii coiisiiieriible iieiielopmeiit iii receiit iieiirs. iihiiiiks to 
the iiicreiisiiig iiumber of isoliiteii iiiiii chiiriicteriiieii iieriiiiitiiies, the reiictiiiitii 
stiirts to become iiicreiisiiiglii uiiiierstooii iii terms of regio- or chemoselectiiii- 
tii u27ii iiiiother, most fiisciiiiitiiig iispect of miiiiii higher fullereiies iiiiii higher 
fullereiie iieriiiiitiiies is the piirticuliir quiilitii of their chiriilitii which ciiii hiiiie 
iiiirious origiiis iB3, 34ii iiiieii though fullereiie chiriilitii is iiot limiteii to the 
liirger ciirboii ciiges wheii iieriiiiitiiies iire iiicluiieii, its stuiiii wiis iiiitiiiteii iiiiii 
iieiielopeii liirgelii through work oii the ciirboii ciiges beiioiiii ii^o- 

2 

Fullerene Chirality 

2.1 

Chiral Higher Fullerenes 

iifter the poteiitiiil occurrence of chiriil fullereiies iiiiii iiiiiiotubes coulii be iii- 
ferreii from the structuriil principles of fullerenes iB5 - 37ii these ciirbon sphero- 
ins beciime of prncticiil interest for the first time with the isolntioh uiXii chiirnc- 
terinntion of 2'Snmmetricnl bn nieherich nnn coworkers iiin nbening the 
iiin (isolnten pentiigon rule) nnn hnning n closen electronic shell with n fulln 
occupien nnn n (highest occupien moleculiir orbitiil), its structure hnn been 
theoreticiilln premcten shortln before to be the onlnstnble form of iFbnfullerene 
iB5n nor the liirger fullerenes, the number of theoreticnlln possible, iiin-sntisfn- 
ing structures increiises rnpinln with ciige sine, nnn so noes the number of chiriil 
representntines iil9n(nig. l)nnne out of the 5 possible constitutionnl isomers of 
n 78, nnn enen lO out of the 24 nnn-sntisfning structures of ns4 nre chiriil. nhe pre- 
nicten 3-snmmetricnl iXjg wiis founn nent to one, respectineln two nchiriil 2 u 
snmmetriciil isomers iii 6, 22, 38n nhe mhjor ns2 isomer founn bn nikuchi et iii. 
in nfrnction of higher fullerenes pronucen bniirc nnporiniition of grnphite is iilso 
chiriil nnn hiis 2'Snmmetrn ii22n nt iibout the siime time, nnother chiriil ciirbon 
molecule, n 2-snmmetriciil isomer of n84, wiis chiirncterinen spectroscopiciilln 
in n minture together with iXii nchiriil isomer, 2u'h84 20, 22n nepiirntion of 

these two isomers wiis nchieheh onln recentln bn iihinohiirn uiiii coworkers 
through multi-stiige rechcling nnnn ii24n npectroscopic innestightion of the 
green 2u’h84 hnn the nellow-browh 2-^84 iillowen n hefinitme iissighment of 
their respectme ^^n~n n n resonnnces nnn nconfirmntion of the preiiiouslniissig- 
iieu snmmetries ii24n hesihes, 5 minor isomers of iimong which there is iit 
leiist nnother chiriil, 2'Snmmetriciil isomer, were hetecteh in henn nnn tiiil 
n nnn frnctions of this fullerene ii26n nine neiirs iifter the isoliitioh of hyg mnnnn 
hyg iilbii nnppes et iii. reporten isolntion nnn structuriil iissignment of n go iis n 
2-snmmetriciil structure ii25n ii is interesting to note thnt iimong the 6 meiX- 
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tioiieu chiriil higher fullereiie isomers, four ure 2 'Shmmetricul, whereus 3- 
iiiiu 2 'Shmmetru occur oillii oiice. 

2.2 

Configurational Description of Chiral Fullerenes and Fullerene Derivatives with a 
Chiral Functionalization Pattern 

iihirulitu, iii the fielii of fullereiies, is uot limiteii to the chiriil curboii ciiges them- 
seliies. iii 1992, the first eiiiiutiomericullu pure coiiuleiit fullereiie iiiiiiucts, 
iigo-sugiir coiijugiites, were prepiireii iB9ii ii ith the eiiplosiiie iieiielopmeiit of 
coiiuleiit fullereiie chemistrii iiuriiig the liist few iieiirs u27 - 32ii iiii iiicreiisiiig 
iiumber of chiriil ii^o iiiiii iiyo iieriiiiitiiies hiis beeii publisheii u27, 33ii iiiiii the 
iieeii for iiii iippropriiite coiifiguriitioiiul iiescriptioii beciime pressiiig iB4ii 
iii miiiiii ciises, the chiriilitii of fullereiie iieriiiiitiiies is iieither iiihereiit to the 
core of the uiifuiictioiiiiliueii ciirboii ciige, iior is it iiue to stereogeiiic uiiits iii the 
iiiiiieiiiis, but it ciiii be iittributeii to iiii iiiiiiitioii piitterii liickiiig reflection siim- 
metriiiB3,34ii 

iiccoriiiiig to structuriil criteriiiof chiriil fullereiie iieriiiiitiiies, three iiiffereiit 
tiipes of core fuiictioiiuliiiiitioii piitteriis ciiii be iiistiiiguisheii iB4ii(iiig. 2)ii 

1 . if the iiiiiiitioii of chiriil or iichiriil iiiiiieiiiis creiites ii chiriil iiiiiiitioii piitterii 
oii iiii iichiriil fullereiie core, irrespectiiie of the iiiiiieiiiis beiiig iiieiiticul or 
iiiffereiit, the fuiictioiiuliiiiitioii piitterii is iiefiiieii iis iiihereiitlii chiriil. 




Fig. 2. iilow uiiigrum iillowiiig ii fiicile diissificiitiou of spheroiii chiriilitii iii fullereiie iiiiiiucts 
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2. uuuitioii piitteriis thiit lire chiriil iiue oiilu to structuriil iiiffereuces iii the 
iiiiueuus (iiiiture, sequeuce, iiuii steric urriiiigemeut of iitoms) lire termeii 
iiou-iuhereiitlii chiriil. iihe iiiiiilogu to the ciise of the stereogeiiic ceiiter with 

ii tetriiheiiriil iirriiiigemeiit of ligiiiiiis is to be iioteii! 

3. iihiriil iiiiiiucts ciiii fiiiiilliibe obtiiiiieii bii fuiictioiiiiliiiiiig iichiriil fullereiies iii 
such iiwiiii thiit chirotopic elemeiits iire eiiclusiiieliilociiteii iii the iiiiiieiiiis (iio 
chiriil core fuiictioiiiiliiiiitioii piitterii). 

it is iiiituriil thiit iill iieriiiiitiiies of iiihereiitlii chiriil higher fullereiies iilso hiiiie iiii 
iiihereiitlii chiriil fuiictioiiiiliiiiitioii piitterii. furthermore, ii compouiiii ciiii 
beloiig to seiieriil of the uboiie cliisses wheii iiiffereiit stereogeiiic elemeiits iire 
superimposeii iii the siime molecule. 

iihe iictuiil tiipe of fuiictioiiiiliiiiitioii piitterii ciiii be eiisilii recogiiiiieii bii 
iippliiiiig ii simple, stepwise substitutioii test iiccoriiiiig to the flow iiiiigriim of 
iiig. 2. iiheckiiig the structure resultiiig iifter eiich step for chiriilitii quicklii re- 
iieiils the tiipe of iiiiiiitioii piitterii of the stiirtiiig spheroiii. 

iii principle, the coiifiguriitioiiul iiescriptioii of fullereiie iieriiiiitiiies with ii 
chiriil fuiictioiiuliiiiitioii piitterii coulii be iioiie bii iietermiiiiiig the coiifiguriitioii 
( or ) of eiich stereogeiiic ceiiter iiccoriiiiig to the iiuii (iiiihii, iiiigolii, iiiiii 
iirelog) siistem iMOii iihis procedure, howeiier, ciiii be oiierlii compliciiteii bii the 
highlii briiiicheii ciirboii friimework, piirticuliirlii if it coiitiiiiis ii multituiie of 
stereogeiiic ceiiter s. ii further compliciitioii results from the fiict thiit chiriil 
fullereiies themseliies iio iiot hiiiie stereogeiiic ceiiters to be specifieii bii the iiuii 
procedure. 

iior these reiisoiis, we hiiiie proposeii ii iiew siistem iillowiiig the coiifiguriitio- 
iiiil iiescriptioii of chiriil fullereiie spheroiiis biiiisiiigle iiescriptor, regiiriiless of 
the fuiictioiiuliiiiitioii iiegree u34ii iihis meiiiis thiit eiieii chiriil piireiit fullereiies, 
heterofullereiies, iiiiii isotopiciilliilubelleii fullereiies ciiii be iissigiieii iiii iibsolute 
coiifiguriitioii. iihe siistem is biiseii oii the fiict thiit the iiumberiiig schemes pro- 
poseii for fullereiies, which ciiii be iieiielopeii from their structures iMl, 42ii iire 
chiriil (heliciil) iiiiii thus constitute iiii iiieiil reference for iiiffereiitiiitiiig betweeii 
eiiiiiitiomeric ciirboii ciiges. ii hereiis two isometric, mirror-siimmetriciil iium- 
beriiig schemes ciiii be iipplieii to iiii iichiriil piireiit fullereiie, oiilii ii uiiique oiie 
is iissociiible with ii specific eiiiiiitiomer of iiii iiihereiitlii chirul ciirboii spheroiii 
iB4, 41, 42ii iiiiii, coiisequeiitlii, with iill its iieriiiiitiiies iB4ii iiimiliir, for ii chirul 
iieriiiiitiiie resultiiig from iiii iiihereiitlii chirul iiiiiiitioii piitterii “griifteii” oii iiii 
iichiriil piireiit fullereiie, there is ii uiiique iiumberiiig leiiiiiiig to the lowest set of 
lociiiits iM3iifor the iiiiiieiiiis. ii epeiiiiiiig oii whether the motioii from ii(l) to 
ii(2) to ii(3) of this iiumberiiig is clockwise ( ) or iiiiticlockwise ( ), the 
iiescriptors iire iiefiiieii iis ^ iiiiii ^ (f= fullereiie), respectiiielii (iiig. 3) iB4ii iii 
the ciise of ii iioii-iiihereiitlii chirul fuiictioiiuliiiiitioii piitterii, iiiii priorities iire 
iittributeii to the iiiiiieiiiis (iii the wiiii theii iire to the ligiiiiiis of ii stereogeiiic 
ceiiter), iiiiii the iiumberiiig is iioiie iii such iiwiiii thiit lowest lociiiits iire iillo- 
ciiteii to the iiiiiiitioii sites ciirriiiiig the iiiiiieiiiis of highest iiiii prioritii 

iieiiig biiseii oii iiumberiiig, iigreiit iiiiiiiiiituge of this iiescriptor siistem is its 
eiisii hiiiiiiliiig bii computers iM4ii iis iiiffereiit iiumberiiig siistems hiiiie iippeiir- 
eii iii literiiture iMl, 42ii it shoulii be poiiiteii out thiit the principle of the nbohe 
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Tetrakis[(ethoxycarbonyl) methyl] 1 ,2:56,57-bis(methano)[70]fullerene-71 ,71 ,72,72-tetracarboxylate 



Fig. 3. iichlegel uiugriims showiiig the iiumberiug iiuii coufiguriitiouiil iiescriptors of the 
eiiiiutiomers of bis-iiiiuuct (±)- of iiyo (cf. iiect. 4.2.1 iiuii iiig. 7) with iiii iiihereiitlii chiriil 
fuiictioiiiiliiiiitioii piitterii 



iiescriptor siistem stilus iliiliil for ililii heliciil ilumberiilg. iif course, ii correct 
iuterpretiitiou of ii giileii coufigurutioiliil iiescriptor requires kiiowleiige of the 
useii iiumberiiig siistem iM5ii 

iis to the iissigiimeiit of iibsolute coufiguriitioiis iM6-49iito isoliiteii fullereiie 
eiiuiitiomers u50-52iior fullereiie ueriiiiitiues with ii chiriil fuuctioiiuliiiiitiou 
piitterii i53-61ii(cf. iilso the piirticuliir ciise of ii chiriil core-moiiifieii ii^o iier- 
iuiitiiie iiS 2 i 5 , much work remiiiiis to be iioiie. iiollowiilg the iiiitiiil kiiietic resolu- 
tion of smiill iimouiits of the iillotropes 2 -^ 76 ) 5-^78 hiiii 2-^84 bii ii iiwkiiis et 
iil u50, 51ii iiieiierich iiiiii coworkers receiitlii succeeiieii iii obtiiiuiiig opticiillii 
pure U 76 isomers bii fuiictioiiiiliiiiitioii of (±)-ii 76 with iiii eiiiiiitiopure chiriil 
iiiiiieiiii, sepiiriitioii of the resulting niiistereoisomers, uiXii subsequent remoniil 
of the functionnlitn n52n nompnrison of the obtiiinen circuliir nichroism (nn) 
curnes with ciilculnten spectrn iillowen the iissighment of their iibsolute coh- 
figurntion iM 6 , 49n(cf. hect. 7). 

3 

General Aspects of the Functionalization of Higher Fullerenes 

nhe fullerehe nerinntmes nt the focus of the present remew result from enohenriil 
nnnition to the inrger ciirbon spheroms ii27nwith piirticuliir emphiisis being 
ginen to the structuriil iispects relnten to chiriilitn n oweher, n number of other 
higher fullerehe nerinntmes, induning chiriil structures iis well, is worth being 
briefln mentionen. 

nnnohenriil inclusion of metiil ions, mostln obsernen with the liirger ciirbon 
ciiges, is known since the eiirln nniis of fullerehe chemistrn uiXii hiis susciten 
strong interest for their electronic properties nnn potentiiil miiteriiils npplicm 
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tioiis u63u ii epeiiuiug oii the ciimtii siiie, up to three metiil ioiis ciiii be iuduiieii. 
iirouuctioii, isoliitiou, iiuii churucteriiiutiou of these compouiiiis constitutes ii 
iiiist fielii of its owii iiiiii is iiot iiiscusseii here, especiullii iis little iiiformiitioii is 
iiiiiiiluble oii the coiiiileiit eiioheiirul fuiictioiiuliiiiitioii of fullereiies with iiiciirc- 
eriiteii metiils u64ii 

iiiiother interesting cliiss of ennohenriil higher fullerehe nerinntmes iire 
those with ohe or eiXeii two nSSninduhen noble giis ntoms. nrepiirntine iimounts 
of the first helium compounns n eh n ( =60, 70, 76, 78, 84) couln be prohuceh 
bn heiiting fullerene siimples to eleniiten temperntures (~600°n) unner high 
pressure of he (-2700 iitm) nS6n niiseh oh energetic consmerntions, nifferent 
mechnnisms hnne been niscussen for the n e-iitom mcorporntion process nS7, 
68n ^n e-n n n spectroscopn reneden strong nnn specific miignetic shielnings of 
^n e ntoms insine the ciiges of nifferent fullerenes nnn their cohdent nerinntmes, 
giiiing rise to n unique resonnnce for ench compounn meiisuren so fiir nS9 - 74n 
nnnohenrd ^n e ntoms thus constitute n sensitine probe for the presence imiX 
miignitune of ring currents in fullerene 7T-chromophores iis ii function of the 
ciige structure nnn the hegree iis well iis the pdtern of functiondinntion nZ3n 

nullerehe nerinntinntion is dso possible bn structurd momficntion of the 
core, nhe simplest ciise consists in the insertion of n ciirbon dom or n hetero- 
ntom into n n~n bonn nnn is encounteren in homonson- n28-32, 75nnnn -n7on 
fullerenes ii27, 75 - 77ii n nln n few neeper momficntions, creding smdl holes in 
the fullerene shell iire known of n^o iBl, 75nnnn u-jq n75, 78n nookmg d struc- 
turdln monifien fullerenes in n bronner sense imiX from the niewpomt not of 
ciige negrnnntion but iissemblii, it is cleiir thd much more work - mostln dmeh 
d “bucknbowls” nZ9nor the totd snnthesis of buckminsterfullerehe iEOn- hiis 
been nenicden to this topic. 

il shouln findlnbe mentiohen thd hoh-condent interdtiohs iXre d the origin 
of complenes or ddhrdes of n^o nnn nyo with orgnnic guest molecules like cdlo- 
nedrins dl, 8innnn cdindenes d2, 82n 



3.1 

Reactivity and Regioselectivity in Addition Reactions with Higher Fullerenes 

n espite grnnud nifferehces in their electronic properties, e.g. the electrochemi- 
cdinneterminen n n n n -nn n n gnp n83u n^o ns well ns the higher fullerenes cnn 
be consineren iis electron-neficied polnenes nnn show n number of simildities 
in their chemicd behniiior n27-32ii such iis the preference for primdn nnnition 
of nucleophiles, iis well iis cdlohnnitions occurring d the bonns nnjded to two 
sin-memberen rings (6-6 bonns). nn importnd nifference results from the Idge 
ndietn of bonn ennironments encounteren in the less shmmetricd Idger 
cdbon ciiges when compden to h'h6o > h situdion thd cnn in principle lenn to n 
bronn isomeric probuct nistribution. iii prdtice, howeber, nnnitiobs to higher 
fullerenes often show n remdknble regioselectinitn nZ7n(cf. hects. 4, 5). 

nonsinering the possible mohes of nnnition to fullerene “polnenes”, most 
functiondinntions of buckminsterfullerene nZ8, 29iXiXiXiX higher fullerenes i£7n 
occur iis 1,2-nnnitions. if this mohe hppeds obiiious in the ciise of mnnn brin- 
ging nnnenns (cndonnnitions, nnnition of a-hdocdbnnions, cdbene nnnition. 
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formutiou of truusitioii metiil compleiies, epouiiiutiou) it is iilso obseriieu iii the 
hiiurogeuutiou iiuii iii most uuiiitious of iiudeophiles followeii bii queiichiiig 
with iiii iiiuepeiiueiit electrophile species, ii ii the other hiiiiu, most riiiiicul reiic- 
tioiis, e.g. hulogeiiiitious, occur iis iiitruheuiigouul 1,4-uuiiitious, ii moiie thiit iii 
iigo leiiiis to the iiitroiiuctioii of ii iiouble boiiii iiito ii fiiie-membereii riiig. iihis 
eiiergeticullii uiifiiiioriible situiitioii iE4ii ciiii be piirtiullii compeiisiiteii bii ii 
reiiuctioii iii steric striiiii, especiiillii if the iiiiiieiiiis iire bulkii iii higher fullere- 
iies, the situiitioii is more compleii, iiiiii iiepeiiiiiiig oii the site, 1,4-iiiiiiitioii 
iicross ii siii-membereii riiig ciiii eiieii ciiuse ii reiiuctioii iii the iiumber of iiitrii- 
peiitiigoiiul iiouble boiiiis which miiiibe preseiit iii the piireiit structure iB5, 86 ii 

iiullereiies iire highlii striiiiieii molecules, mostlii iis ii result of cr-striiiii iieriiiiiig 
from the piiriimiiiuliiiiitioii of ^-hiibriiiiueii ii -iitoms coiifiiieii withiii ii sphero- 
iiiiil structure, iielief of striiiii iiue to rehiibriiiiiiiitioii ( of certiiiii 

ii -iitoms upoii fuiictioiiiiliiiiitioii ciiii be coiisiiiereii iis the miiiii iiriiiiiig force iii 
coiiiileiit fullereiie chemistrii iE7ii iihe reiictiiiities of higher fullereiie boiiiis ciiii 
therefore be estimiiteii bii coiisiiieriiig the lociil spheroiii curiiiiture, eiipresseii iis 
piirumiiiuliiiiitioii iiiigles of the correspoiiiiiiig ii -iitoms i50, 87-89ii iii higher 
fullereiies,locul curiiiiture iioes iiot oiilii iiepeiiii oii the oiieriill fullereiie siiie,but 
iilso oii the iiistributioii of the 12 fiiie-membereii iiiiii the siii-membereii riiigs oii 
the fullereiie surfiice. iior mukiiig preiiictioiis oii isomeric proiiuct iiistri- 

butioiis to be eiipecteii, we hiiiie beeii coiisiiieriiig ii quulitiitiiie moiiel for the 
eiiuluiitioii of lociil curiiiiture ul4ii iis the liitter results from the iiicorporiitioii of 
peiitugoiis iiito iiiietwork of heiiiigoiis, ii 6-6 boiiii shoulii be the more reiictiiie, 
the more it is surrouiiiieii bii fiiie-membereii riiigs, iiiiii the shorter its iiistiiiice 
is to the liitter. iiccoriiiiig to this iiescriptioii, the most striiiiieii fullereiie boiiiis 
iire lociiteii iit the ceiiter of ii piiriiciileiie (= ciiclopeiitifgiiiceiiiiphthiileiie) sub- 
structure (iiig. 4). iii ii 70 iiiiii U 76 (cf. iiigs. 3, 12 ) theii iire fouiiii iit the poles (tiipe a, 
surrouiiiieii bii tiipe jS), whereiis the flutter equiitoriiil regioii coiitiiiiis ii iiumber 
of iiiffereiit, less curiieii boiiiis. 

iirom ii thermoiiiiiiiimic iiiewpoiiit, culculiitioiis iit iiiffereiit leiiels of theorii 
hiiiie showii thiit 1 , 2 -iiiiiiitioiis iii U 70 occur prefereiitiullii iit boiiiis ii(l)-ii( 2 ) 
iiiiii ii(5)-ii(6) u90-92ii(for the iiumberiiig of U 70 , cf. iiig. 3). iioweiier, iso- 
meriiiiitioii of fullereiie iieriiiiitiiies is usuullii iiot obseriieii uiiiier the emploiieii 
reiictioii coiiiiitioiis iiiiii with few eiiceptioiis, e.g. the formiitioii of triiiisitioii 
metiil compleiies ii93ii iiiiii ciituliitic hiiiirogeiiiitioii ii92, 94ii most iiiiiiitioiis to 
fullereiies seem to be kiiieticullii coiitrolleii. iiiiseii oii this iissumptioii, iiii ii ii 
coefficients ii95, 96iiiis well iis ii ullikeii chiirges u90, 97iiof the fullereiie moietii 





Fig. 4. iihe three most curiieii fullereiie boiiii tiipes a, iiiiii 7 iii their lociil eiimroumeiits 
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hiiue beeii useii iii preuictiiig or eiipluiuiug the regiochemistrii of iiudeophilic 
iiuuitious iiuii cudouiiuitious. iii multiple fuuctiouuliiiutious, possible steric 
hiiiuriiuce iimoiig iiiiueuus is iiiiother fiictor to be tukeii iiito iiccouiit u28ii ii 
iiiffereiit iipproiich, fiiiullu, uses 7T-boiiii oriiers for eiiuluiitiiig the reiictiiiitii of 
iiiffereiit tiipes of boiiiis ii98- lOOii 

4 

The Chemistry of C70 



4.1 

Mono-Adducts of C70 

4.1.1 

C(1)-C(2)-Adducts (Type a) 

ii oiio-fuiictioiiuliiiiitioii of iiyo iifforiis iiii isomeric proiiuct miiiture iii miiiiii 
ciises. iii iiccoriiiiiice with the iiboiie reiictiiiitii principles, the miiiii proiiuct 
usuullii results from iittiick of the reiigeiit iii the poliir regioii iit the most curiieii 
boiiii ii(l)-ii(2) (tiipe a) followeii bii iiiiiiitioii to the secoiiii most curiieii 
ii(5)-ii(6) boiiii (tiipe u27ii(iiigs. 4, 5). 

iiroiiiiieii thiit the iiiiiieiiii ulOliiiioes iiot coiitiiiii chirotopic uiiits, ii(l)-ii(2) 
moiio-iiiiiiucts iire s-siimmetricul. if the iiiiiieiiii itself is 2 u"Shmmetricul iii 0 1 ii 
ii single pronuct isomer results, nhis is the most common tnpe of the known nyo 
nerinntines nnn indunes pronucts (nig. 5 ) resulting from epoiiinntion ( ) iB, 102, 
103ii osmiilntion ( ) nS9ii formntion of r]^-if- ( ) iil04nnnn r]^-nt-complenes 
( ) ni05ii hnnrogenntion 092 , i06u nnn from mnnn cndonnnitions, ns well ns 
nnnitions of nucleophiles ii27ii some of which will be niscussen in more netiiil 
below, if the nnnenn is s-snmmetriciil, two cohstitutionnl isomers (regioiso- 
mers) cnn be formeh. nhese couln be obserheh for ehiimple iis primiirnpronucts 
in cndonnnition renctions with ninnoiilknnes or nnines (cf. nect. 4.1.3). nhe 
n(l)-n(2) nnnition pnttern is per se nchiriil, nnn chiriil pronucts iire possible 
onln when the nnnenn contnins chirotopic units such iis the stereogenic centers 
in i54n ntereogenic centers in the nnnenns ciXii iilso be gehernteh in the course 
of the nnnition renction, iis it wiis founn for the niels-nlher nnnition of cndo- 
pentn-l,3-nienes iil07ii the cndopropnnntion bn unsnmmetriciilln substituten 
sulfonium iilins (nnnuct (±)- ) iil08nor the iB + 2irndo nnnition of 8-metho- 
nnheptiifulnene iil09n 



4.1.2 

C(5)-C(6)-Adducts (Type P) 

iiii the ciise of the seconn most fnnoren n(5)-n(6)-nnnuct (tnpe (3) which often 
nccompnnies the n(l)-n(2) mono-nnnuct in pronuct mintures ii27ii n 2 u’Shm- 
metriciil nnnenn iigiiin iifforns n single pronuct isomer (e. g. , nig. 5), whereiis 

nnnition of n s-snmmetricni nnnenn lenns to n pnir of ennntiomers n(±)- , 
nig. 5n iii the intter ciise, n chiriil nnnition pnttern is crenten on the fullerehe 
spheroin. heing hue ohln to mfferehces in nnture, sequence, or steric iirrnnge- 
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C(1)-C(2) adduct (type a) C(5)-C(6) adduct (type p) C(7)-C(21) adduct 

1 7 



ps02(4-f-BuPy)2 
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40 
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(±)-39 






(inherently chiral 


Et2N NEt2 
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addition pattern) 









Fig. 5. iihree tiipes of moiio-iiuuucts of iiyo resulting from uiiuitiou iicross ii 6-6 boilii, iiuu ii 
selectioii of siiuthesiueii represeiitiitiues 



meiit of the iitoms boiiueii to eiich of the liewlii geueruteii ^-u-iitoms of the 
fullereiie core, this uiiuitiou piitterii is termeii iiou-iuhereiitlu chiriil iB4ii 



4.1.3 

Product Mixtures Including a- and p-Type Adducts of Cyg 

uogether with the uiiuitiou of ii -iiucleophiles, ciicloiiiiiiitioiis represent the most 
importiiiit reiictioii for the formiitioii of ii-ii-boiiiis with the fullereiie friime- 
work u28, 29, llOii iB + 2uuiicloiiiiiiitioii of iiiiiiio iilkiiiies to 6-6 boiiiis wiis 
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iimoug the first fullereiie reiictious stuiiieii ullluuiiu ufforiis isoluble piiruuoli- 
iies iis primurii uuuitioii prouucts. uhotochemicul or thermul eutrusioii of U 2 
from the liitter uieliis 6-6-doseii methiiuofullereues iii which the 6-6 bouii is 
briugeii iii ii ciiclopropiiiie tiipe fiishioii, or 6-5 opeii homofullereiies iii which ii 
methiileiie group briiiges the opeii juiictioii betweeii iisiii- iiiiii iifiiie-membereii 
riiig (iicheme 1) u28, 29, 112ii 

iiiikiiig iiito iiccouiit the 2 possible orieiitiitioiis of the iittiickiiig reiigeiit or, iii 
other woriis, the s-siimmetrii of the iiiiiieiiii, two regioisomeric piiriiiioliiies, 
iiiiii , iirise from iiiiiiitioii iit ii(l)-ii(2), iiiiii ii riicemic miiiture of iithirii coii- 
stitutioiiiil isomer ii(±)- iiwith ii iioii-iiihereiitlii chiriil iiiiiiitioii piitterii results 
from iiiiiiitioii iicross ii(5)-ii(6) u76ii(iicheme 1). 

irriiiiiiitioii of the piiriiuoliiie miiiture , , iiiiii (±)- iiieliieii methiiii- 

ofullereiies iiiiii (7 iii ) with ii closeii triiiisiiiiiiuliir 6-6 boiiii besiiies miiior 
iimouiits of ii thirii coiistitutioiiul isomer ( ), whereiis thermoliisis of the siime 

miiiture giiiie iiiiii iiihereiitlii chiriil (±)- (4 iii), both coiistitutiiig core-moiii- 

fieii fullereiies ii76ii (iicheme 1). ii ith opeii triiiisiiiiiiuliir 6-5 “boiiiis”, the fuiic- 
tioiiiiliueii regioiis of iiiiii (±)- resemble methiiiioiiiiiiuleiie sub-structures. 
iB -H 2iiiiiicloiiiiiiitioii of iilkiil iiiiiiies to iiyo iifforiis triiiiioliiies which iire isoliible 
wheii the temperiiture iioes iiot eiiceeii cii 50 °ii . iiimiliir to the reiictioii with iiiii- 
iiomethiiiie, three coiistitutioiiullii isomeric iiiiiiucts were obseriieii u77, 1 13ii iiiiii 
the regioisomer of tiipe iii 13ii with the substitueiit of the heterociicle lociiteii 
iiboiie the iipeii of iiyo, preiiomiiiiiteii oiier its regioisomer of tiipe iii two iii- 



15 X = CH 2 , (a) = hv 
23 X = N-MEM, (a) = A 




16 X = CH 2 . (a) = hv 
24 X = N-MEM, (a) = A 




12 X = CH2 
19 X = N-MEM 



MEM = 

CH 2 OCH 2 CH 2 OCH 3 



17 X = CH 2 
21 X = N-MEM 



13 X = CH 2 
20 X = N-MEM 



(±)-14X = CH 2 I 
(±)-25 X= N-MEM 




(±)-18 X = CH 2 
(±)-22 X = N-MEM 



Scheme 1. iBomeric proiiuct uistributioii resulting from iB + 2ucudouuuitioii of iiiuiiomethuue 
or ii substituteii iiiiiue to iiyo, iiuii eutrusioii-reiirruugemeut sequence to the respective 6-6 
closeii or 6-5 opeii structures 
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uepeiiueiit stuiiies iF7, 113u(ucheme 1). iihis selectimtii wiis eiipluiueu bufuiior- 
iible electrostiitic iiiteructious betweeii the uegutiuelii poluriiieu -iitom of the 
iiuiue iiiiu positiiie ii ullikeii chiirges oil the ii-iitoms iii the iipicul peiitugou of Ujq 
u77ii lihermul elimiuiitiou of ii 2 from the fullerotriiiiioliues uiiiier formiitiou - 
iieiit to the piireiit iiyo - of -briiigeii compouiius showeii ii preference for the 
6-5 opeii iiiiuhomofullereiie structures (tiipes iiiiii (±)- ) iis compiireii to the 

6-6 closeii iiuiriiiiiie isomers correspoiiiiiiig to iiiiii u77, 1 13ii(iicheme 1). iii 
iigreemeiit with the lower thermoiiiiiiiimic stiibilitii of the jS-tiipe triiiuoliiie (±)- 
(miiior proiiuct of the iiuiiie iiiiiiitioii), its thermul iiecompositioii occurs iit 
lower temperiitures wheii compiireii to the a-tiipe iiiiiiucts ull3ii 

iifter -ii iiii - (i£-(methoiiii)ethoiiiiumethiil) protected iiiiuhomouSOifullere- 
iie hiiii beeii successfully useii bii ii uiil iiiiii coworkers for the siiiithesis of 
miicroscopic iimouiits of the “iiimeric” heterofullereiie ( 0590)2 iill4ii theii 
iipplieii the siime methoiiologii to iiiiuhomou70ufullereiies iiiiii (±)- u75ii 
obtiiiiieii iiccoriiiiig to the iiboiie geiieriil scheme iii 13ii(iicheme 1). ii2 + 2uiiiiclo- 
iiiiiiitioii of siiiglet oiiiigeii to the electroii-rich eiiiimiiie tiipe iiouble boiiiis of 
iiiiii (±)- , followeii bii iiecompositioii of the 1 , 2 -iiioiietiiiie iiitermeiiiiites,leii to 

the ketoliictiim“holeii bulls” (±)- , iiiiii ii miiiture of (±)- (miijor compoiieiit) 

iiiiii (±)- , respectiiielii (iicheme 2 ). iiciii-iiiiiuceii loss of 2 -methoiiiiethiiiiol 

from (±)- followeii bii ii reiirriiiigemeiit of the geiieriiteii ciirbociitioii iiiiii 
subsequent eiitrusioii of formuliiehiiiie iiiiii ciirboii moiioiiiiie iifforiieii the 
2-iiiioiiiiiu70ufullereiie ciitioii u75ii(iiot showii). iihis coulii be reiiuceii to the iiiiii- 
fullereiiiil riiiiicul which iiimeriueii to isomericiillii pure s-siimmetricul 2 , 2 '-iiiii- 
iiii-l,r-bi(u70ifullereiiiil) ( ), fuiictioiiuliueii iicross the a-tiipe boiiii with the 

ii -iitom repliiciiig ii ( 2 ) iii eiich fullereiie moietii (iicheme 2 ). iihe “iiimeric” struc- 
ture wiis coiifirmeii bii electrospriiii-ii ii showiiig ii moleculiir ioii iit m/ii = 1685 
iiiiii ii stroiig biise peiik iit m/ii = 842 u75ii iitiirtiiig from ketoliictiim (±)- , the 

iiiiulogous reiictioii sequeiice leii to the s-siimmetricul iiiiiifullereiie “iiimer” 
l,r-iiiiiiiii-2,2'-bi(u70ufullereiiiil) ( ), iigiiiii fuiictioiiuliueii iicross the a-tiipe 

boiiii, but with the ii -iitom repliiciiig ii(l) of both fullereiie moieties (iicheme 2 ). 
iieiictioii of the miiior ketoliictiim isomer (±)- resulting from (±)- 
(iicheme 1), fiiiullu, shoulii iifforii iiii iiiiiiu70ufullereiie “iiimer” iis iiii interesting 
miiiture of isomersii iiiich fullereiie moietii, uiisiimmetricullii fuiictioiiuliueii 
iicross the jS-tiipe boiiii ii(5)-ii ( 6 ), hiis iiiioii-iiihereiitlii chiriil fuiictioiiuliiiiitioii 
piitterii iiiiii ciiii therefore eiiist iii two eiiiiiitiomeric forms; coiisequeiitlii three 
possible “iiimer” combiiiiitioiis iire eiipecteii to leiiii to ii piiir of 2 -sihnmetricul 
eiiiiiitiomers iis well iis iiii iichiriil, s-siimmetricul -form, iihis piirticuliir 
ciise of fullereiie chirulitii wiis iilso proposeii iB3, 34iifor ii “iiimeric” 1,4-iiiiiiuct 
of iigo iiescribeii iii literiiture ull5ii 

iii iiiiiffereiit iipproiich to iiiiiiiFOufullereiies biiii irsch iiiiii coworkers, twofolii 
iiuiiie iiiiiiitioii iiieliieii s-siimmetricul which results from briiigiiig two iiiijii- 
ceiit 6-5 opeii “boiiiis” iiiiii is ii suitiible stiirtiiig miiteriul for the miicroscopic 
siiiithesis of the s-siimmetricul 2,2'-iiiiiiiii-l,r-bi(u70ufullereiiiil) ull6ii 
(iicheme 2) formeii together with the “moiiomeric” l-u2-(methoiiii)ethoiiiiu-l - 
2-iiiiiiu70ufullereiie ull7ii(iiot showii). iihe liitter probublii results from triippiiig 
of ii 69 ii^ iiitermeiiiiites bii the iicetiil cleiiiiiige proiiuct 2-methoiiiiethiiiiol. iiiiii- 
fullereiie formiitioii occurs through elimiiiiitioii of oiie ii -iitom (presumublii 
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MEM^ MEM 
N N 




30 (±)-28^ 

MEM = CH2OCH2CH2OCH3 



Scheme 2. iBoliiteii “uimeric” uiiiiuZOifullereue isomers, iiuii uuuuZOufullereiie precursors 



ii(l)) iis iiu isoiiitrile or curbouiimiue species from the curboii ciige of 
(iicheme 2) iiiiu this requires ii fucile iieprotectiou of its -briiiges ul 17ii 

iihe Slime tiipe of isomerism eiicouiitereii iii the uiiuitiou of uiuiioiilkuues iiuii 
iiiiiiies wiis fouiiii bii ii eier et iil. iil 18ii iiiiii iriigiirtiiiger et iil. iil 19iiiii the siiiithesis 
of fulleroisoiiiiuoliiies bii reiictioii of iiiiriouslii substituted isoiiitrile oiiiiies with 
iiyo. ii hereiis the a-tiipe boiiii ii(l)-ii(2) showed the higher redctiditii, there wiis 
essedtiiilld do preferedce for the oriedtiitiod of the reiigedt upod ddditiod to this 
bodd. durthermore, ^d -d d d spectroscopic iddestigiitiod of the two regioisomeric 
d(l)-d(2) ddducts of methiil isoditrile odide showed thdt the dpiciil fide-mem- 
bered ridg hds d strodger deshieldidg effect thdd the liiteriil ode iil 18d 

dd idterestidg stereo chemiciil course wiis tiiked id d redctiod sequedce 
stiirtidg with the ddditiod of d dipoliir trimethiiledemethdde species gederdted 
bd thermoldtic ridg opedidg of d methiiledecdclopropdde deriddtide iil20d iii 
ddiilogd to the ddditiod of diddoiilkddes, primiird ddditiod of the g-sdmmetri- 
ciil dddedd, presumdbld iddoliiidg d ddd (sidgle electrod trddsfer) from the 
trimethiiledemethdde to the fullerede, occurs dcross the a- ddd jS-tdpe bodds of 
dyo gididg rise to the dchiriil regioisomers ddd iis well iis d to d third 
codstitutiodiil isomer dppeiiridg iis d pdir of edddtiomers ii(±)- dwith d dod- 
idheredtld chiriil ddditiod piitterd (dig. 5). dubsequedt reiirrddgemedt of these 
products, tiikidg pldce did dd idtermedidte with d 2 u"Shmmetriciil dddedd, ddd 
hddroliisis fiddlld dielded d pdir of edddtiomers with d stereogedic cedter id the 
side chdid ii(±)- d iis well iis dp dir of dchiriil isomers ( ddd ; 

ddd with respect to the fdces of the pedtiigod fused to the jS-tiipe bodd of 
dyo). id brief, there wiis d formiil trddsformdtiod of d pdir of regioisomers (cod- 
stitutiodiil isomers) (d(l)-d(2)-ddducts ddd ) idto dpdir of edddtiomers 
ii(±)- ii ddd of d codstitutioddlld differedt pdir of edddtiomers (d(5)-d(6) 
ddduct (±)- ) idto dpdir of dchiriil stereoisomers ( ddd ) iil20d 
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4 . 1.4 

C(7)-C(21)-Adducts 



iill ii(7)-u(21) iiuuucts of iiyo ure i-summetricul iiuii iiiterestiug from ii stereo- 
chemiciil uiewpoiiit beciiuse theii ure the oiilii 6-6 bouii moiio-uuuucts of this 
fullereiie with iiii iuhereiilii chiriil fuuctiouuliuutiou piitteru iB4ii iihe boiiii iii 
questioii, howeiier, is iiot umoiig the tiipes a-y (iiig. 4) iiiiu hiis ii reliitiuelii low 
lociil curiiiiture ul4ii furthermore, its reiictmitii is probublii reiiuceii bii its locii- 
tioii iii usiu-membereii riiig with iireliitiiieliihigh beiiueiioiii chiiriicter ul 21 ii(cf. 
iiect. 4.1.5 iiiiii iiig. 6 ). ii espite its high frequeiicii (20 boiiiis iis. 10 boiiiis of tiipe 
a iiiiii 10 boiiiis of tiipe (3 iii iiyo), the low reiictiiiitiimiiii therefore iiccouiit for the 
few obseriiiitioiis of ii(7)-ii(21) iiiiiiucts. 

iihe first ciise wiis iietecteii bii ii ieiierich iiiiii coworkers iii the coiiteiit of ii 
regioselectiiiitii iiiiiestigiitioii of the iiiels-iiliier iiiiiiitioii of 4,5-iiimethoiiii- 
-quiiioiiimethiiiie to iiyo iiiiii U 76 ul4ii it wiis isoliiteii iis ii miiior proiiuct 
ii(±)- iiiieiit to the more ubuiiiiiiiit iiiiiiucts of tiipe a ( ) iiiiii tiipe ^ ( ) (iiig. 5). 

iisomer iissigiimeiits relief of the followifg obserfftioff ff the f iels-flfer 
fffucts, boft-to-boft iftercoffersiof of the f ewlf formef cfclohefef e rifg 
becomes fiist of the ^f -f f f time scfle frouff 80°f , fff the fferfge siimme- 
trf of the fffucts chffges upof trff sitiof from below to fbofe coflescef ce 
temperfture ( ^). f ufique siimmetrf combifftiof for < ^ hff > 
together with ^^f-f f f fftii, fllowef the structurfl iissigfmeft of fll three 
isolftef cof stitutiof fl isomers, f he structures of fff were coffirmef bf 
f -rff criistfllogrfphf fl 22 f 

iB + 2ff fcloff f itiof of -methflffomethif e iilif to f 70 fielf ef f70ffullero- 
pfrrolifife (±)- with the heterocfcle fusef fcross the fullerefe boff 
f (7)-f (21) iis f mifor profuct besifes the a- fff jS-tfpe fffucts fff 
fl23f (f ig. 5). f he isomeric iissigfmeft wiis biisef of ^f -f f f spectroscopf, the 
i-sfmmetricfl f (7)-f (21) fffuct beif g fistifguishef bf two f iffereft methf- 
lef e groups, efch ciirrf if g two f of -equifflef t f -ftoms. 

f he ifhereftlf chirfl f (7)-f (21) fff itiof pftterf wiis flso obserfef if ofe 
f(±)- f of the mifor mof o-ff fuct isomers resultif g from f 2 + 2 irfclofff itiof 
of bef fff e to f 70 f 86 , 121 f tt wiis fccompff ief bf the commof a- ( , mfjor 

profuct) fff jS-tfpe ( ) fffucts (fig. 5) iis well iis bf ff other, uf usufl isomer 

(cf. feet. 4.1.5). 




Fig. 6. uue of the four isomers resulting from mouo-uuuitiou of beuuiiue to U70 (u( 7 )-u( 8 )- 
uuuuct), uuu importuut resouuuce structures of U70 illustriitiug the uouble bouu chiiructer of 
the u( 7 ) -u(8)-bouu iis well iis the beuiieuoiu chiiructer of the equiitoriiil heuiigous 
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4 . 1.5 

Other Addition Modes of Cjq 

iii iifirst report oil the mouo-uuuitiou of beuiiuue to iiyo 086ii the fourth proiiuct 
isomer (34%) besiiies , uuii (±)- (iiig. 5) wiis suggested to result from iiii 
uiiusuul triiusequutoriul 1,4-uiiuitiou moiie. iihe result is ii 2'Shmmetricul 
molecule with iiii iiihereiitlii chiriil fuiictioiiuliiiiitioii piitterii iii which the posi- 
tions ii(7) iiiiii ii(23) (iiig. 6) iire briiigeii. iihis equiitor-spiiiiiiiiig iiiiiiitioii moiie 
wiis iilso proposeii to occur iii iiyoiilio h85, 124ii(cf. iiig. 11) iis well iis iii multiple 
beiiiiiiiie iiiiiiucts of iiyo 086, 125ii 

iii ii receiit report bii ii eier et iii. oii the moiio -iiiiiiitioii of beiiiiiiiie iil21ii 
howeiier, the isoliiteii fourth proiiuct (13%) wiis iiieiitifieii iis ii iiiffereiit isomer, 
resulting from nniiition Ocross the 6-5 boOn n(7)-ii(8) ( , nig. 6). iihe g-siim- 
metriciil molecule represents the first eiiiimple of iiiiirect nniiitioii to 06-5 riOg 
fusion non of n 6-5 nnouct in which the fusion boOn remOiOs iOtOct. Ohis OOOi- 
tioO moOe wiis eOplniOen bO the relntiOeln high Oouble boOO chOrOcter of the 
6-5 boOn n(7)-0(8) when compOreO to the other 6-5 boOOs of Oyo (n(2)-0(3), 
n(l)-0(6), n(6)-0(7)) (cf. nig. 3) non is mOOe plOusible bO compOriOg Oekule- 
structures of 0600- 000 iFOOfullereOe 01210 iii O^o, Oh Oouble boOOs cOO be 
OrOwO eOocOclic to fiOe-membereO riOgs, thus resulting iO 05ir00i0le0e 000 
cOcloheOOtrieOe substructures 028, 29, 310 OOOitioO Ocross 0 6-5 juOctioO is 
OccompOOieO bOOstrOiO-iOOuciOg 0840shift of two Oouble boOOs iOto peOtOgoOs 
01120 Ohe pOreOt O70 structure, oO the other hOOO, must OccommoOiite Ot leiist 
fine Oouble boOOs iO peOtiigoOs; theO cOO be lociiteO Ot 0(7)-0(8) 000 the sOm- 
metrO-relOteO positions or, iO 00 OlterOOtiOe, iso-eOergetic Oekule-structure, Ot 
0(22)-0(23) non the sOmmetrO-relOteO positions (Oig. 6).000uct formOtioO cOO 
reOuce the Oumber of iOtrOpeOtiigoOOl Oouble boOOs, OotOblO wheO reOctioO 
occurs Ocross the 6-5 juOctioO 0(7)-0(8) 01210or iO OtrOOsequOtoriOl 1,4-moOe 
Ocross 0(7) non 0(23) 085, 860 Ohe represeOtOtioO of O70 iis OhObriO of the meO- 
tioOeO two importOOt resoOOOce structures, iis well iis the compiirOble boOO 
lengths of 0(7)-0(8) 000 0(7)-0(21) 0122, 1260 uOOerliOe the beOOeOoiO 
chOrOcter of the equiitoriOl heOiigoOs, the reOctiOitO of which is OscribeO to cur- 
OOture 01210(0ig. 6). 

OOOitioO to the fourth 000 leiist curOeO 6-6 boOO 0(20)-0(21) lOiOg oO the 
equOtor of the O70 spheroiO (Oig. 6) seems uOlikelO, Olthough it wiis suggesteO for 
the proOuct of the photochemicOllO iOOuceO l,l,2,2-tetriimesitiil-l,2-OisilirOOe 
OOOitioO 01270 Ohis boOO tOpe is completelO surrouOOeO bO heOOgoOs 000 cOO 
be coOsiOereO iis bipheOiil-like, iis suggesteO bO the OboOe coOsiOerOtioOs iis well 
iis structurOl OOtO showing it to be the loOgest iO O70 0122, 1260(0ig. 6). 



4.2 

Bis-Adducts of C70 

0 ultiple OOOucts of fullereOes 027, 28, 29, 31, 1120proiii0e the opportuOitO of 
stuOOiOg the chOOges iO chemicOl reOctiOitO 000 phiisicOl properties which occur 
wheO the coOjugOteO fullereOe chromophore is reOuceO iis 0 result of iOcreiisiOg 
fuOctioOOliOOtioO 0128, 1290 0 oreoOer, the OeOelopmeOt of methoOs for selectiOe 
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multiple uuiiitiou prouiiies iiccess to iiu uiipreceueuteii liurietii of three-uimeii- 
sioiiul builiiiug blocks for orgiiiiic chemistru, which uicelii complemeiit the pre- 
sent repertoire of two-uimeusioiiul iicetuleuic, olefiiiic, uilii beiiueuoiu com- 
poiieiits for the coiistructioii of tuilor-muiie fuiictiouul molecules iiiiu poliimers. 

ii ith eight uistiiict boiiiis (four 6-6 uilii four 6-5 boiiiis) poteiitiullii iiuuiluble 
for fuuctiouuliiiutiou, the chemistru of iiyo milii iippeiir compleii iii compilrisoil 
to thiit of iigo which comprises oillii two boilii tiipes. ill oriier to uiioiii oilerlii 
compleii proiiuct miiitures, multiple fuiictioiiuliiiiitioii of iiyo is best eiiploreii 
with iireiictioii thiit miiiimiiies the iiumber of isomers iii the first iiiiiiitioii step. 

ii reiictioii fulfilliiig this requirement is the iiiiiiitioii ul30ii ii methiiiio- 

fullereiie siiiithesis iii which the iittiick of 2-bromomuloiiiite ciirbiiiiioiis oii the 
fullereiie is followeii bii iiitriimoleculiir huliiie iiispliicemeiit. iii the moiio-fuiic- 
tioiiuliiiiitioii of iiyo, it shows iihigh preference for the n(l)-n(2) bonn i54, 130n 
nhis cnn be rntionnlinen bn the preference of the ^-hnbriniiien ciirbnnionic cen- 
ter, which nendops in the trnnsitioh stnte in a-position of the site of nucleophi- 
lic nttnck n28ii for n region of high curnnture, thus releiisihg n liirge iimount of 
striiin ehergn 

4.2.1 

Malonate Adducts 

nhe n-riin criistnl structures of ii iels-nlher moho-nnnucts iiiiii (nig. 5) hiiii 
reneden thnt the electronic configuriition d the unfunctfonnlinen pole of Ujq clo- 
seln resembles thiit of the piirent fullerehe ni22n ns n consequence, seconn ningel 
nnnitfon to nyo i54, 13inshouln tnke plnce nt one of the fine a-tnpe bonns 
n(41)-n(58), n(56)-n(57), n(59)-n(60), n(67)-n(68), or n(69)-n(70) nt the 
unfunctfonnlinen pole (nig. 7; for the numbering of ii-jQy cf. nig. 3). iieiit to the 
three-nimensfonnl representiitiohs, the resulting situdfon is shown schemdicd- 
In in n -tnpe projection nlong the 5 -diis of hyo (nig. 7). n f the two con- 

centric fine-memberen rings, the inner one corresponns to the poliir pehtiigon 
closest to the iiiewer, nnn the dtdhen iierticnl line represents the bonn n(l)-n(2) 
where the first nnnitfon occurren. nhe innolnen a-thpe bohhs d the nistd pole, 
preferren sites of seconn nnnition, nepdt rnnidln from the outer pehtiigon. 

iii the ciise of nchiriil, 2 u-shmmetricnl mdonde nnnenns, three cohstitutio- 

nnlln isomeric bis(methnno)fullerenes iire formeh i54, 131 iiii ii nchiriil oiie ( 2 u 
snmmetricd ), iiiiii two chird ones ( 2 -snmmetricd (±)- iiiiii (±)- ) which 

iire obtdnen iis pdrs of ennntiomers with iiii inherehtln chird nnnitfon pdtern 
n54n(nig. 7). nhe tree cohstitutiohd isomers iire formeh in the npprodmde rdio 
2.8ib.2d which niffers substnntidln from the stdisticd inznz rdio nnn shows 
n miirken preference for the seconn nnnition tnkmg plde d bonns 
n(56)-n(57)/n(59)-n(60) ns compnren to n(67)-n(68)/n(69)-n(70) (for the 
numbering of nyo, cf. nig. 3). nlectronic fdtors such iis the coefficients of the 
nn n n of the mono-nnnuct, to which the electron nensitn of the incoming 
nucleophile is trnnsferreh iP5ii miiii ehpldn the obserhen selectinitn iimong 
nistnnt bonns of (neilrln) inenticd focd curnnture. 

nwofoln nnnitfon of bisn( )-l-phendbutdn2-bromomdonnte to nyo lenns to 
n superimpositfon of the chirditn of the nnnenn nnn, in the occurrence, thd of 
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Fig. 7. uombiuiitious of iiii iichiriil iiuii two iuhereiitlii chiriil iiyo uiiuitiou putteriis with iichiriil 
iiuii chiriil iiiiueuus, leiiuiug to iiliirge liurietii of coiistitutiouiil isomers, uiiistereoisomers, iiuii 
eiiiiiitiomers 



the core fuiictiouiiliuutiou piitterii, thus iifforuiug ii totiil of fiiie opticiillii iictiiie 
isomers, two coustitutioiliillu isomeric piiirs of 2 'Shmmetriciil iiiiistereo- 
isomers ( / iiuii / ) iis well iis ii thirii coiistitutioiiiil 2 "Siimmetricul 

isomer ( ) i54ii(uig. 7). iis the miiiture of these fiiie chiriil iiyo ueriiiiitiues iioes 

iiot iiicluiie uiiii piiir of euiiiitiomers, theii coulii iill be sepiiriiteii bii ii uiiii oii 
silicii gel, uiiii the siime iiccouiits for the proiiucts - resulting from 
uuiiitioii of the respective ( )-coiifigureu esters u56ii iis ii coiisequeiice, teii 
pure opticiillii iictiiie compouiiiis were obtiiiiieii; theii comprise fiiie piiirs of 
euiiiitiomers, four with iiii iiihereiitlii chiriil fullereiie fuuctiouuliiiiitioii piitterii 
uiiii chiriil siiie chiiiiis ( , , , ), uiiii two with stereogeiiic 

uiiits iii the uiiiieiius oiilii ( ) (iiig. 7). 
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{S,S,S,S)-52 



(S,S,S,sM)-48 (S,S,S,S/C)-49 



(52a) (48a) (49a) 





Fig. 8. iiii spectriiof with chiriil siiie chuiiis,but iiu iichiriil fullereiie uuiiitiou putterii, iiuii 
the uiiistereoisomeric iiuii hiiiiiiig eiiiiiitiomeric, iiihereiitlii chiriil fullereiie fuiic- 
tioiiiiliiiiitioii piitteriis iii iiiiiiitioii to the ( )-coiifigureii siiie chiiiiis 



iiihereutlii chiriil uuiiitiou piitteriis giiie rise to chiriil 7T-siistems miiiiifestiiig 
themseliies bii iierii stroiig iiottoii effects iii the circuliir iiichroism (iiii ) spectrii 
iB3, 52-61ii(uigs. 8, 17) (cf. iilso the piirticuliir ciise of iichiriil core-moiiifieii ii^o 
ueriiiiitiiie eiihibitiiig reliitiiielii low Zi^-iiiilues iii its iiii spectrum u62i$, geiieriil- 
lii iii coiitriist to sole perturbiitioii of iichiriil fullereiie chromophores bii chiriil 
iiuiieiius iB3, 39, 48, 54, 108, 132 - 139ii furthermore, uiiii similiir to the ^^ii-ii ii ii 
uiiii iiii/iiis spectrii, miitchiiig core fuuctiouiiliiiutioii piitteriis leiiii to (iieiirlii) 
iiieuticiil iiii curiies, irrespectiiie of the siiie chiiiii coiifiguriitioii. iihis is iiicelii 
illustriiteii bii the spectrii of uiiistereoisomeric bis-iiiiiiucts ( , , , ,M- hiiii 
( , , , which hiiiie eiiiiiitiomeric uiiiiitiou piitteriis uiiii uispliiii iilmost 

mirror-imiige shiipes siiice the chiropticiil coiitributioiis of the chiriil iiiiiiitioii 
putterii of the fullereiie stroiiglii iiomiiiiite those of the chiriil iiiiiieiius u54ii 
(iiig. 8). ii chiiriicteristic buiiii iirouiiii 460 iim wiis obseriieii iii the iiii spectriiof 
iill the iiboiie iiyo iiiiiiucts with iiii iiihereiitlii chiriil fuuctiouiiliiiiitioii putterii; it 
miiiibe helpful iii iissiguiiig iibsolute coufiguriitioiis u56ii 



4.2.2 

[2 + 2]Cycloaddition of Alkynes 

uhiiiig uiiii iioote reporteii ii2 + 2iruclouuiiitiou of the electroii-rich bis(iiiethiil- 
umiiio)ethiiue iiiiii of l-ulkiilthio-2-(iiiethiiliimiiio)ethiiues to ii^o fuii iiyo ul40ii 
iihe resultiiig iiiiiiucts iiicluiie both ii photoseiisitiuer (iiihiiiirofullereiie) iil41ii 
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iiiiu iiii eusilii photo ouuuiiiuble group (euumiiie or thioeiiol ether) iii the siune 
molecule, thus mukiiig the ciiclobuteue bouii proiie to cleuuuge bii siiiglet oiiu- 
geii. iiuch self-seiisitiueii photooiiugeuutiou wiis iiii importiiut step iii the pre- 
puriitiou of the first fullereiieuSOu- iiuii -u70u-l,2-iiicurbouulic iiciii uiihuuriues 
ul40u 

ii eiit to ii siiigle a-tiipe moiio-iiiiiiuct ( , iiig. 5), iiiiiiitioii of the iiiiimiiie to 

iiyo iiieliieii two isomeric bis-iiiiiiucts, teiitiitiiielii iissigiieii iis (±)- iiiiii (±)- , 

iii ii 9 iii riitio (iiig. 9). iihe regioselectiiiitiiobseriieii iii the formiitioii of these 2 " 
siimmetriciil bis-iiiiiiucts with iiii iiihereiitlii chiriil fuiictioiiuliiiiitioii piitterii is 
eiieii more proiiouiiceii thiiii thiit of the iiouble iiiiigel reiictioii i54, 13 Iii iiiiu the 
2 u-siimmetriciil bis-iiiiiiuct correspoiiiiiiig to u54ii(iiig. 7) wiis iiot obseriieii 
iit iill iil40ii furthermore, iiiiiiitioii of l-iilkiilthio-2-(iiiethiiliimiiio)ethiiiies wiis 
fouiiii to be highlii selectiiie with regiirii to the reliitiiie orieiitiitioii of the reiigeiit 
iiiiii the iittiickeii a-tiipe boiiii; this wiis iierifieii for the s-siimmetriciil moiio- 
iiiiiiuct (iiiiiilogue of , iiig. 5) iis well iis for the miijor 2 "Summetriciil 
bis-iiiiiiuct (iiiiiilogue of (±)- , iiig. 9). ii oweiier, it coulii iiot be iiemoiistriiteii 

uiiequiiiociillii which oiie of the two possible orieiitiitioiis wiis iiiiiuceii bii the 
highlii poliiriueii a-tiipe boiiiis of iiyo iil40ii 

4.2.3 

Transition Metai Compiexes of ^70 

iiihereiitlii chiriil bis-iiiiiiuct fuiictioiiiiliiiiitioii piitteriis were iilso fouiiii iii triiiisi- 
tioii metiil compleiies of iiyQ. iihese iieriiiiitiiies iire chiiriicteriueii bii reiiersible. 




(±)-54 

(±)-56 



Et2N NEt2 
X= ^ (±)-55 

X = lr(CO)Cl[P(PhMe 2)]2 



ri PPhg 




P PPhg 
l^-PPha 
CO (OOgRu 
{OC)3 Ru| 
(OC)3Ru 




,Ru(CO)3 
|5^ftu(CO)3 



(+)-57 



(±)-58 



(±)-59 



Fig. 9. iiis-uiiiiucts of iiyo with chiriil fuiictiouiiliuutiou piitteriis, resulting from u2 + 2iiciiclo- 
iiiiiiitiou of iilkiiiies iiiiii from triiiisitioii metiil compleii formiitioii 
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thermoMuiunicullii coutrolleii ussociutioii iiiiu iiproiiouuceu teiiueiicu towuriis 
formutiou of criistuls suituble for ii-ruu uiiuliisis iP3u iiigh selectiiiitu for if- 
compleuutioii bii ir uiiii iit iit a-tiipe boiiiis is fouiiu iii moiio-uuuucts ( iiuii , 
iiig. 5) ul04,105uus well us iii multiple iiiiuucts ul42, 143iiof u-jq. iihe ouliicriistul- 
liiie bis-iiiiuuct obtuiiieii from reiictioii of iiyo with iir(uu )ul(uiihu e 2 ) 2 iiwiis ii 
2 -summetricul u(l)-u(2)ui(56)-u(57) iiiiuuct ii(±)- , iiig. 9ii iihis iiiiiiitioii 

piitterii selectiiiitii correspoiiiis quulitiitiiielii to thiit obseriieii iii the iiiiigel reiic- 
tioii u54, 131iiiiiiii the u2-i-2iriiclo iiiiiiitioii of iilkiiiies iil40ii it hiis to be stresseii 
though, thiit iii the ciise of compleii formiitioii, criistiil piickiiig effects miiii pliiii 
iiii iiiiiiitioiiul role iii iietermiiiiiig the regioselectiiiitii 

iihirul fuiictioiiuliiiiitioii piitteriis iilso occur iii the iriiiium completes ul44ii 
cocriistulliiieii from ii solutioii coiitiiiiiiiig the two iiyoii isomers iiiiii (iiig. 5) 
iii 02, 103ii iii both completes, the triiiisitioii metiil iiiiii the epoiiiibriiige iire locii- 
teii iiot oiilii withiii the siime hemisphere of the fullereiie, but theii iire bouiiii to 
6-6 juiictioiis withiii the siime siii-membereii riiig iiiijiiceiit to the poliir peiitii- 
goii ii(±)- iiiiii (±)- , iiig. 9ii iior ii^o, this reliitiiie iirriiiigemeiit of iiiiiieiiiis 
( - ) wiis showii to be iimoiig the most fiiiioreii, proiiiiieii there is iio steric 

hiiiiiriiiice betweeii the iiiiiieiiiis ii96ii iii both triiiisitioii metiil completes of 
iiyoii, iriiiium is bouiiii to iiii a-tiipe boiiii; this leiiiis to ii iioii-iiihereiitlii chiriil 
fuiictioiiuliiiiitioii piitterii iii (±)- where the oiiiigeii iitom is bouiiii to ii iieigh- 
boriiig a-tiipe boiiii iiiiii to iiii iiihereiitlii chiriil fuiictioiiuliiiiitioii piitterii iii 
(±)- with the epoiiiibriiige lociiteii iit iiii iiiijiiceiit jS-tiipe boiiii iii 44ii (iiig. 9). 
iihe liitter iiiiiiitioii piitterii wiis iilso fouiiii iii the i-siimmetriciil tetriihii- 
iirouZOifullereiie (±)-l, 2 , 5 , 6 -ii 7 oii 4 , chiiriicteriiieii besiiies the s-siimmetriciil 
l, 2 , 3 , 4 -ii 7 oii 4 iii the proiiuct miiiture resulting from iiiimiiie reiiuctioii of U 70 
iilObii 

ii siiiguliir chiriil iiiiiiuct wiis formeii betweeii U 70 iiiiii two iiu 3 (iiii )9 uiiits 
which iire kiiowii for the compleiiiitioii of iireiies. iirom the correspoiiiiiiig 
“moiio” -iiiiiiuct it wiis kiiowii thiit the triiiucleiir rutheiiium moieties iiiiii pre- 
fereiitiiillii to the heiiiigoiis of highest lociil curiiiiture iil43ii iissumiiig iiiiiiitioii 
of two iiu 3 (iiii )9 uiiits iit opposite poles, three coiistitutioiiul isomers of 
ii{iiu 3 (iiii) 9 i^(/i 3 -/]^,r]^,r]^-ii 7 o)iiiire possible iii iiiiulogii to the iiiiiiitioii of iichiriil 
iiiiiuleiit iiiiiieiiiis to a-tiipe boiiiis (cf. iiect. 4.2.1) i54, 1 3 Iiiiii iie of them hiis 2 n 
siimmetrii iiiiii two hiiiie 2 'Siinimetrii ii f the three formeii isomers, the miijor 
oiie iifforiieii criistuls suituble for ii -riiii iiiiuliisis; it hiis iiii iiihereiitlii chiriil iiiiiii- 
tioii piitterii iiiiii correspoiiiis to structure (±)- ul43ii(iiig. 9). 

4.3 

Tris- and Tetrakis-Adducts of C70 

iihe two miijor iiiiigel bis-iiiiiiucts with iichiriil muloiiiite iiiiiieiiiis, iiiiii (±)- 
(iiig. 7), were further reiicteii with iiiethiil bromomuloiiiite to eiiplore the regio- 
selectiiiitii iii the formiitioii of higher iiiiiiucts. ii hereiis iiii iichiriil tetrii- 
kis-iiiiiiuct ( 2 u'Shmmetricul ) wiis obtiiiiieii from 2 u'Shmmetricul bis-iiiiiiuct 
, the chiriil, 2 "Siinimetricul bis-iiiiiiuct (±)- iifforiieii the 2 'Sihnmetriciil 
(±)- with iiii iiihereiitlii chiriil fuiictioiiuliiiiitioii piitterii i54ii(iiig. 10). iiiice 
U 70 bis-iiiiiiucts iire formeii, further iiiiiiitioii must tiike pliice iii ii hemisphere 
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Fig. 10. iiwo iiiugel tiipe tetrukis-iiiiuucts of iiyo, iiuii ii compurisoii of the iutriihemispherul 
reliitiue urrmigemeiit of their iiiiueuus to thiit of equiitoriiil bis-iiiiuucts of ii6o> us well iis of ii 
3 -siiinmetricul tris-iiiiiiuct of s-iiyg (2 isomers iire possible, cf. iiig. 14) 



thiit is iilreuiiii fuiictioiiiiliiieu. iior steric iiiiu probublii iilso electroiiic reiisoiis, 
this iioes iiot occur iit iiiiother a-tiipe boiiii. uusteiiii, ii fuuctiouiiliiiutioii piitterii 
similiir to thiit of ii secoiiii bromomiiloiiiite iiiiiiitioii to ii^o, prefereiitiiillii occur- 
ring iit iiii equiitoriiil boiiii, is obseriieii. iiiiieii the two ulteriiiitiiies corres- 
pouiiiiig to this reliitiue urruiigemeiit of uiiiieiius iii ii iiyo hemisphere, the iieiit 
uuiiitioii tiikes pliice iit ii jS-tiipe boiiii riither thiiii iii the less curiieii equiitoriiil 
region (6-6 bonn of tnpe n(7)-n(21),miirken bnnin nig. 10), thus lenning to the 
respectine tris-nnnucts which were chiirncterinen neht to tetriikis-nnnucts 
nnn (±)- i54n n compnrnbie reintine iirrnngement of three miiionnte nnnenns, 
corresponning to the , , -piittern in n^o ni45ii wiis founn in n tris-nnnuct of 
3 -n 78 (nigs. 10, 14) ni5n n nppenrs thnt - nespite the liirger number of theoreti- 
ciilln possible isomers - nyo, imu possibln other higher fullerehes ni5ii show n 
higher selectinitn in multiple nucleophilic nnnitions i54, 90nthnn n^oU^b, 145n 
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62 63 (±)-64 

Fig. 11 . iiyoulio ( ) ciiii be further ueriuutiueii, e.g. to iiyouhg ( ) with iiii iutrupeutiigoiiul 

iiouble boiiii (miirkeu bii iiii iirrow) or to ii7oiih9iiii ii(±)- ii iiispliiiiiiig ii iioii-iiihereiitlii 
chiriil fuiictioiiiiliiiiitioii piitterii 



4.4 

Ci-Symmetrical Higher Adduct of C70 

iihe relutiuelii eiisii iiccess to the isomericiillii pure, s-summetriciil Uyoiilio ( ) 

with its remiirkiible iiitriiheuugouiil 1,4-uuiiitiou piitteriis ul24uiilloweu uiiiilor 
iiiiu coworkers to iiiuestigiite the chemistrii of this most iiiterestiiig higher ful- 
lereiie hiiliiie u78, 146, 147u(uig. 1 1). iiii iiiiulogii to ii^oulg iil48ii Uyoiilio uiiiiergoes 
iirieuel-urufts iilkiiliitiou with beuiieue/ueul 3 to iiielu iiyoiihio iiiii the octiikis- 
iiiiiiuct iiitermeuiute iiyouhg ( ) with ii reiictiiie iil49iiiiitriipeiitugoiiul iiouble 

boiiii iiii (7)-ii ( 8 ), miirkeu with iiii iirrow iii , iiig. 1 luiil46u ii bii-proiiuct of this 

reiictioii is fullereiiol U 7 ouh 9 ii ii ii(±)- ii, the formiitioii of which miiii occur bii 
iiucleophilic substitution of Mother iiitermeuiiite of the iirieiiel-uriifts reiictioii, 
U 7 ouh 9 iil, bii wiiter iil47ii iihe iiou-iuhereiitlii chiriil fuuctioiiiiliMtiou piitterii of 
this first well-uefiiieii moiiohMroMfullereiie molecule cM be iiscribeii to the 
formiil Miiitioii of two iiiffereiit moiioiiuleiit resiiiues (ii ii Mii iih) iicross the 
6-5 boiiii ii(7)-u(8). 



5 

Covalent Chemistry of the Fullerenes Beyond C70 

iiii coiitriist to the coiisiiieruble progress mMe oiier the liist few iieiirs iii the pro- 
iiuctioii Mii purificiitioii of ii^o ii7, 8 uMii of U 70 ii9, 13u the Miiiliibilitu of the 
liirger ciirboii ciiges hiis remiiiiieii uusiitisfiictoru iis ii coiisequeiice, much of the 
chemistrii of these fullereiies wiiits to be eiiploreii, Mii oiilii ii hMiiful of pure 
iieriMtiiies hiis beeii isoliiteii Mii chiiriicteriueii. 

iipiirt from these, iiiiumber of reiictioiis, e.g. ouoiiiitiou ul50uhMrogeuiitioii 
iii 5 Iii fluoriiiiitioii iil52ii Mii the formiitioii of methiileiie MMcts bii reiictioii 
with iiiiii iil53ii hMe leii to iiiirious miiitures of higher fullereiie iieriMtiiies. 
uiiiullii iis the methoiis for proMctioii Mii purificiitiou of eiitioheuriil fullereiie 
iieriMtiiies iire beiiig improiieii, the eiioheiiriil fuuctioiiiiliMtiou of ii^o ii70, 73, 
74uMii U 70 u73ii ciiges coutiiiiiiiig iioble giis iitoms, Mii of eiiiioheiiriil metiillo- 
fullereiies ii64, 154iiemerge iis iiew fieliis of fullereiie chemistrii 
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5.1 

Adducts of D2-C76 

2-U76 is the first iuhereiitlii chiriil higher fullereiie, iiiiu us ii cousequeiice, iill its 
ueriuiitiues lire chiriil, eiicept for iis iiet uiikiiowii tiipe iutriimoleculiir com- 
biiiiitious of both of its opticiil iiiitipoiies. uegiiriiless of the iiiiture, iiumber, iiiiii 
positioii of iiiiueiiiis, iill iiiiiiucteii iiy^ spheroiiis hiiiie iiii iuhereiitlii chiriil fuiic- 
tioiiuliiiiitioii piitterii, iiiiii the iiccoriiiiig stereo-iiescriptor is iietermiiieii bii the 
coiifiguriitioii of the piireiit fullereiie eiiiiiitiomer iB 4 ii iihe preseiice of 15 tiipes 
of 6-6 boiiiis iii 2-^76 ciiii giiie rise to iiliirge iiumber of moiio-iiiiiiuct isomers, 
poteiitiiil iiiiiiucts iicross 6-5 boiiiis iiot eiieii coiisiiiereii. iiroiiiiieii the iiiiiieiiii 
is 2" or 2u-shmmetriciil, tweliie of the fifteeii 6-6 boiiii iiiiiiucts hiiiie i-siim- 
metrii, iiiiii the remiiiiiiiig three hiiiie 2'Shnimetrii iihe liitter result from iiiiiii- 
tioii iicross the boiiiis iiitersecteii bii the ii2-iiiies of 2-076; theii iire oiilii hiilf iis 
ubuiiiiiiiit iis the other 6-6 boiiiis. if oiie focuses oii the most curiieii 6-6 boiiiis 
(tiipes a iiiiii tiipe yiiot preseiit) iis the poteiitiullii most reiictiiie sites, theii iire 
coiiceiitriiteii iit eiich pole withiii four iiiijiiceiit siii-membereii riiigs formiiig ii 
chriiseiie-tiipe iirriiiigemeiit ceiitereii iit the iiitersectioii of the spheroiii with 
oiie of the 2-oiies (iiig. 12 ). ii hereiis 3 a-tiipe boiiiis miike up the 3 fusioiis bet- 
weeii iiiijiiceiit heiiiigoiis of this chriiseiie sub-structure, 6 boiiiis of tiipe (3 iire 
iiistributeii oiier its peripherii 



40 Y 39 





Fig. 12. iiiips of 2"ii76> 2u"ii78 000 3"078 showiiig the iiistributiou of the most curiieii boiiiis 
(tiipes a iiiiii iis well iis oiie 7- tiipe boiiii of 2u"078) withiii ii hemisphere of these fullereiies 



iii our progriim iiimeu iit the iiiiiestigiitioii of the regioselectiiiitii of iiiiiiitioii 
reiictioiis with higher fullereiies, we fouiiii thiit iit leiist 6 out of the 15 coiistitu- 
tioiiullii isomeric 6-6 iiiiiiucts were formeii iii the iiiiiiitioii of 3 , 4 -iiimethoiiii- - 
quiiioiiimethiiiie to riicemic 2-O76 014 ii ^ii -iiii ii spectroscopu, together with 
the coiisiiieriitioii of boiiii reiictiiiities moiiuliiteii bii lociil curiiiiture, leii to the 
teiitiitiiie iissigiimeiit of the i-siimmetricul ii( 2 )-ii( 3 )-iiiiiiuct structure (±)- 
(iiig. 13 , cf. iilso iiig. 12) resulting from iittiick iit iiii a-tiipe boiiii to the miijor pro- 
iiuct which wiis isoliiteii iii pure form, iiiiseii oii similiir reiisoiiiiig, the structure 
of the iipiciil ii(l)-ii(6)-iiiiiiuct (±)- formeii bii iittiick iit the other a-tiipe 
boiiii, wiis iissigiieii to ii 2-siinimetricul moiio-iiiiiiuct, which wiis isoliiteii iis ii 
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Fig. 13 . U76 ueriiiutiues for which coufiiieiit structuriil ussigiimeiits were possibleiiiiwo coii- 
stitutiouiillii isomeric ii iels-iiliier iiiiiiucts ii(±)- iiiiu (±)- ii, iiuii ii uiiistereoisomeric piiir 
of iiiugel iiiiiiucts ( iiiiii ) 



miuture together with two i-summetriciil isomers iil4u(uig. 13, cf. iilso iiig. 12). 
iihe ii(2)-u(3) iiuii ii(l)-ii(6) iiiiiiitioii piitteriis of (±)- iiiiii (±)- iiiiioliie 
the most piiriimiiiiiliiieii ii-iitoms of iiyg (iiig. 12) iiiiii correspoiiii to those pro- 
posed bii ii iiwkiiis et iil. for the miiiii products of the osmiiliitiod d50d d ith 
regdrd to photophiisicdl dpplicdtiods, it is worth medtiodidg thdt - similiir to the 
pdredt dy^ did - the odset of the electrodic dbsorptiod of (±)- is locdted 
droudd 880 dm, whereiis dyo ddd its deriddtides show do sigdificddt dbsorptiod 
dbode 700 dm dl4d 

iii further iddestigdtiods, we subjected dyg to the didgel redctiod which hdd 
proded to be more selectide thdd the d iels-dlder ddditiod for the bodds of hig- 
hest locdl curddture id dyo d54d dd d ducleophilic cdclopropdddtiod of rdcemic 
dyg with dd ( )-codfigured 2-bromomdloddte, superimpositiod of the chirdlitd 
of the dddedd ddd thdt of the idheredtld chirdl fullerede dielded mdidld three 
codstitutioddlld isomeric pdirs of didstereoisomeric modo-ddducts, two of p, 
ddd ode ( / , dig. 13) of y-sdmmetrd (dpprodimdte rdtiod8d7dl) d55d dll sid 

compoudds were isoldted bd d ddd to dfford the first opticdlld pure ddducts of 
dd idheredtld chirdl fullerede. d d /dis, dd, ddd ^^d-d d d spectrd showed distidct 
similiirities for isocodstitutioddl stereoisomers, thus dllowidg fdcile idedtificd- 
tiod of the three pdirs of didstereoisomers. dhe dd spectrd of these deriddtides 
of dd idheredtld chirdl fullerede displddderdprodoudced dottod effects with the 
mddimum Ac ddlues (~ 250 cm^ mmol"0 d55dbeidg compdruble to those of the 
opticdlld pure pdredt dy^ i52d(cf. dig. 17) ddd twice ds high ds those medsured id 
the cdse of idheredtld chirdl ddditiod pdtterds resultidg from fudctioddliddtiod 
of the dchirdl dyo d54d(dig. 8). 

dccordidg to the locdl curddture model used id predictidg bodd redctidities, 
the midor y-sdmmetricdl didstereoisomeric pdir ( / ) most probdbld results 

from mdloddte ddditiod dcross the dpicdl a-tdpe bodd d(l) - d(6) idtersected bd 
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ii 2 of 2-^176 (iiigs- 12 , 13 ). iihis leiiues iiuother a-bouii (ii( 2 )-u( 3 )) for 
the iiuuitiou leiiuiug to oiie of the i-summetricul pilirs, iiiiu the thirii, i-siim- 
metricul coiistitutiouul isomer must iirise from uiiuitiou to iibouu lociiteii iii ii 
less curiieii regioii. iihe fiict thiit iimiiior proiiuct results from a-boiiii iiuuitiou, 
whereiis reiictioii iit iiless curiieii boiiii leiiiis to iimiijor iiiiiiuct, is iiiiiiciitiiie of 
other fiictors, such iis electronic effects, coiitributiiig to the regioselectiiiitii iii 
iiyg, iiiiii possiblii other higher fullereiies u 55 ii 



5.2 

Adducts of C2V- and O3-C78 

iiur siiiithetic work oii uZSufullereiie ulSiistiirteii from ii miiiture of 2u hiiii 
3-U78 ul6ii ii hereiis the former is oiie out of two kiiowii iichiriil 2u-shmmetri- 
ciil isomers of iiyg, the liitter is the secoiiii iiihereiitlii chiriil homologue of buck- 
miiisterfullereiie iii 6 , 20 , 22 ii 2u'h78 is the first fullereiie coiitiiiiiiiig y-tiipe 
boiiiis, oiie of which is situiiteii iit the iiitersectioii of the ciirboii ciige with the 
ii2-iiiiis iiiiii the two mirror pliiiies (iiig. 12). iimoiig the totiil of 18 iiiffereiit 
6-6 boiiiis, those of tiipes a iiiiii (3 iire lociiteii iit the fusioii boiiiis iiiiii the 
peripheru, respectiiielu, of two pheiiiiiithreiie subuiiits bisecteii bii oiie of the 
mirror pliiiies (iiig. 12). iiimiliir to 2-^76^ hll iiiiiiucteii spheroiiis of 3-U78 
iiispliiii iiii iiihereiitlii chiriil fuiictioiiuliiiiitioii piitterii hiiiiiiig the siime coii- 
figuriitioii iis the piireiit fullereiie eiiiiiitiomer iB 4 ii iihe most reiictiiie of the 10 
tiipes of 6-6 boiiiis of 3-U78 ure lociiteii withiii ii tripheiiiileiie substructure 
ceiitereii iit the iiitersectioii of the spheroiii with the ii3-iiiiis. iigiiiii, the boiiiis 
of tiipe a constitute the henngon-heniigon fusions of this substructure, 
whereiis those of tnpe (3 iire sprenn oher the periphery nnn y-thpe bohhs iire 
nbsent in this isomer. 

nucleophilic cndopropnnntion of n 3 m isomeric minture of 2n hnn 3-n7g 
with cii 2 equinnlehts of niethiil 2-bromomnlonnte showeh n high rehctmitn of 
these fullerene isomers since nt leiist eight tris-nnnucts were formen iis miiin 
pronucts besines two i-siimmetricnl bis-nnnucts ni 5 n n ost of the nerinntmes 
couin be isointen in pure stnte bn n nnn. 

iii the ciise of the tris-nnnucts, three isomers nisplnnen n higher shmmetrh 
thnn 1 nnn couin therefore be uhiimbiguousln iissighen to the piirent n7g iso- 
mer. niisen on n compnrison of the nn nnn ^^n-nn n spectrn obtninen for n 
2-snmmetricnl tris-nnnuct of 2u’h78 hnn those of the bis-nnnucts, three pos- 
sible structures n(±)- hwere proposeh for oiie of the i-snmmetricnl bis- 
nnnucts, inentifien iis nirect precursor to the corresponnihg tris-nnnuct (±)- 
(3 possible structures, nig. 14). noth (±)- ililil (±)- hnne ilil inherentln chiriil 
functionnlinntion pnttern. nor reiisons of snmmetrii, il common nnnenn position 
in these two nnnucts hiis to be the y-tnpe bonn n(39) -n(40) locnteh m the inter- 
section of the piirent 2u’h78 hnn the two mirror plnnes (nigs. 12 , 14). nor the 
seconn nnnenn, one out of three positions within n sin-memberen ring con- 
tiiining one bonn of tnpe a nnn two of tnpe (3 is most likeln ni 5 n(nigs. 12, 14). 
7T-nonn orner consinerntions niOOii tnking into nccount steric effects, prenict 
n(9)-n(10) (nigs. 12, 14) nnn the snmmetrn-relnten n(69)-n(70) to be the most 
likeln positions for the seconn ililil thirn nnnenns in (±)- . 
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Fig. 14. iitructures proposeii for ii tris-iiiiiiuct of 2u"^78 uuiiii its bis-iiiiuuct precursor 

ii(±)- ii (3 possible isomers; iiisert shows the iiumberiug for oiie of the coiicerueii siii-mem- 
bereii riiigs), iiuii for ii tris-iiiiiiuct of s-iiyg (2 possible isomers, (±)- iiiiii (±)- ; iiisert 

shows the iiumberiiig for oiie of the coiiceriieii siii-membereii riiigs) 



iiwo coustitutioiiiillu isomeric structures, (±)- or (±)- , were fiuiillu pro- 

posed for ii 3-siimmetricul pure tris-iiuiiuct of 3-U78 (uig. 14 ); eiich of them 
results from uiiuitiou to 3 equiiiuleut j8-tiipe boiiiis (digs. 12 , 14 ) ddd shows the 
sdme reldtide, pdirwise drrddgemedt of dddedds ds thdt obserded withid d 
hemisphere of tris- ddd tetrdkis-ddducts of dyo (cf. dect. 4.3 ddd dig. 10 ) dl 5 d 
dccordidg to rr-bodd order codsiderdtiods dlOOd, (±)- should be formed pre- 
feredtidlld 



5.3 

Iridium Complex of 

dhe high selectiditd id the formdtiod of trddsitiod metdl compledes (cf. 
dect. 4 . 2 . 3 ) wds dlso seed id the edcluside crdstdlliddtiod of 2u"h84)h 

ir(dd )dl(ddh3)2 from d solutiod codtdididg both 2u~ hdd 2-^84 • durthermore, 
trddsitiod metdl biddidg occurridg selectideld dt d bodd idtersected bd ode of 
the d2"ddes of 2u'h84 dd( 32 )-d( 53 ) = cedtrdl bodd id the 2u'h84 structure of 
dig. lii this ddduct represedts the first isomericdlld pure deriddtide of d 84 dful- 
lerede d 23 d d is idterestidg, id this codtedt, to dote thdt ddckel cdlculdtiods 
showed 2u’h84 to hdde the most locdlided 7 T-boddidg dmodg the homologues 
dgo, dyo, dy6, dyg ddd dg4. dhis suggests dhigh redctiditd id ddditiod redctiods, 
pdrticuldrld for the y-tdpe bodd thdt tdkes pdrt id the dbode-medtioded q^-com- 
pleddtiod bd ir ddd wds showd to hdde the highest 7T-dedsitd dlOOd demdrkdbld, 
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iimoug the meutioiieu fullereiies, 2 u’h 84 is the first represeiitiitiue uot to coiituiu 
a- or jS-tiipe bouiis. iii this fullereiie, iis well iis iii the isomeric 2-^84 20, 22, 

24, 26u the highest curiiiiture is eiipresseii iii ii totiil of 10 y-tiipe boiiiis. 

6 

The Retro-Bingel Reaction 

iiiieii though ii miiiture of two isomers wiis useii iis the stiirtiiig miiteriul iii our 
siiiithetic work oii iiyg iil5ii(cf. iiect. 5.2), most of the iiiiiiucts of 2 u~ hiiii 3 -U 78 
were chromiitogriiphicullii isoliiteii iis (riicemic) siiigle isomers, ii reiiersible 
fuiictioiiuliiiiitioii shoulii therefore be useful iii the sepiiriitioii of higher fullereiie 
isomers u50-52ii iii the course of electrochemical iiiiiestigiitioiis oii iiiethiil 
methiiiiou60ifullereiie-61,61-iiiciirboiiiiliite, iigeiierul, prepiiriitiiie electrochem- 
iciil methoii for the remoiiul of bis(ulkoiiiiciirboiiiil)methiiiio briiiges from me- 
thiiiiofullereiies ( “retro -iiiiigel reiictioii”, iiig. 15) wiis iiiscoiiereii u52ii iiiiclo- 
propiiiie riiigs fuseii to fullereiies iire geiierullii stiible uiiiier coiiiiitioiis of iiii 
(ciiclic iioltiimmetrii) iiiiii iiiiii (steiiiiii stiite iioltiimmetrii) iii 28, 129, 155ii iis well 
iis iigiiiiist thermiil iil56iior wet-chemiciil remoiiul. iior ii few methiiiiofullereiie 




Bingel-reaction 

R02Cv.^^C02R 

T Base 



Br 



Electrochemical reduction, 
followed by reoxidation 



retro-Bingel reaction 



Fig. 15. iihe electro chemiciil retro-iiiugel reiictioii 




CO2R 



iieriiiiitiiies, howeiier, iiecompositioii wiis iioteii iiuriiig electro chemiciil iiiiiesti- 
giitioiis iil29, 157, 158ii iihe first two reiiuctioii steps of iiiethiil 1,2-methii- 
iioii50ifullereiie-61,61-iiiciirboiiiiliite iire perfectly reiiersible oii the iiii time 
sciile i52, 128, 157ii furthermore, iiiiii (coiitrolleii poteiitiiil electroliisis) reiiuc- 
tioii leii to the stiible moiio-iiiiioiiic stiite iiiiii correspoiiiis to iichiirge triiiisfer of 
oiie electroii per molecule u52ii iiiiii to the iiiiiiiioii, oii the other hiiiiii, wiis 
surprisiiig iii thiit it correspoiiiieii to ii triiiisfer of iiii iiiiiiitioiiul three electroiis 
per molecule iiisteiiii of oiilii oiie u52ii iileiir chiiiiges iii the iiii iiiiiiciiteii thiit 
some chemiciil reiictioii hiiii tiikeii pliice, iiiiii reoiiiiiiitioii of the solutioii, follow- 
eii bii chromiitogriiphii iiieliieii pure ii^o (>80%). iihe geiieriilitii of the retro- 
iiiiigel reiictioii, iiemoiistriitiiig the iiitroiiuctioii of ii fuseii ciiclopropiiiie riiig iis 
ii iiew protectiiig group iii fullereiie chemistrii, wiis proiieii bii its successful 
eiiteiisioii to iiiiigel-tiipe - iiiiii -bis -iiiiiiucts of ii^o, to ii 1,2-methii- 

iiou70ifullereiie-71,71-iiiciirboiiiiliite, iis well iis to methiiiiofullereiieiiiciirboiiii- 
liites of iiyg ( iiiiii , iiig. 16) i52ii 
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7 

Resolution of Chiral Higher Fullerenes and Assignment of Absolute 
Configurations to the Enantiomers of D2-C76 

iihirul higher fullereiies ure umoiig the rure euiunples of chiriil elemeiit moiii- 
ficutioiis (iillotropes). usoliitiou of the first represeiitiitiue, 2 ~'^ 76 y hs ii riicemic 
miiiture uliisusciteii stroiig iiiterest iii the sepurutioii of its euuiitiomers iiiiu the 
iiiuestigiitiou of their chiropticiil properties, iihis goiil wus first iichieueii iii 1993 
bii ii iiwkiiis et iii. who reiiliikii ii smiill sciile kiiietic resolution bii iisiimmetriciil 
iihiirpless osmiiliitioii of riicemic iiy^, usiiig reiigeiits with eiiiiiitiomericiillii pure 
ligiiiiiis iieriiieii from iiciiichoiiiiulkuloiii i50ii(iiig. 16, top), iiiicomplete reiictioii 
of the riicemic miiiture with the osmium reiigeiit leii to iiii eiiiiiitiomeric eiirich- 
meiit of the uiireiicteii iiy^, whereiis the formeii iiiiiiuct wiis eiiricheii iii the other 






electrochemical reduction 
CH 2 CI 2 , (n-Bu)4NPF6 (0.1 M), 
r. t. 

retro-Bingel 





Fig. 16. iiesolutioii of iiihereutlii chiriil fullereiies. iiuiuetic resolutioii biiseii oii the 
iiiffereutiiil reuctiiiitu of iiii opticiillii pure osmium compleii towiiriis the euuiitiomers of 
2-U76 . ii iiwkius et iii. utiliiieii this methoii iilso for the resolution of 3-U78 iiuii 2-^84 • h 

uepiiriitiou of the euuiitiomers of 2"h76 bii iippliciitioii of the retro-iiiiigel reiictioii to eiich of 
two opticiillii pure, uiiistereoisomeric U76 ueriuiitiues huiiiug eiiiiutiomeric ciirboii cores 



164 



ii. iihilgeii • ii ii ieiierich 



eiiiiutiomer. iihe liitter coulii be regeueriiteii bii reuuctioii of the osmiite with 
uuiil 2 . use of u“pseuuoeuuutiomeric” ulkulom-ueriueii ligiiiiu iii the osmuliitiou 
reiictiou ufforueii iiii eurichmeiit of the opposite opticul iiutipoiies iii the 
stiirtiug muteriul iiuii the proiiuct, respectiiielii iieiiig iible, thus, to obtuiii eiich 
iiyg eiiiiutiomer iii iiii eiiricheii form, iiiiwkiiis wiis uble to recorii the first iiii 
spectriiof these chiriil ciirboii molecules iSOii iiepetitioii of the eiiperimeiit with 
iiyg iiiiii iis 4 iifforiieii the respective iiiformiitioii oii the opticul iiiitipoiies of 
3 -U 78 iiiiii 2-^84 h51ii iiurthermore, iio sigii of riicemiiiiitioii wiis showii bii the 
eiiiiiitiomers of 2-^76 or 2-^84 wheii heiiteii (600/700°ii) or irriiiiiiiteii 
(193 iim). iihis eiiperimeiit iiiiiiciites iiii iictiiiiitioii biirrier of iit leiist 83 kciil 
mol"^ for iitoiie-ii ules piiriiciileiie reiirriiiigemeiits iii 59ii two of which iire iieces- 
siirii for the iiitercoiiiiersioii of the two 2-^84 eiiiiiitiomers iiiii the iichiriil iiiter- 
meiiiiite 2u"h84h51ii 

ii compiirisoii of the iiii spectrii reporteii bii ii iiwkiiis iiiiii ii eiier for the iiy^ 
eiiiiiitiomers (A£:-iiulues of up to 32 cm^ mmol"^ (A = 405 iim)) ibOiito those of ii 
iiumber of opticiillii pure, coiiiileiit iiy^ iieriiiiitiiies prepiireii bii ii ieiierich iiiiii 
coworkers (Ac-iiiilues of up to 250 cm^ mmol"0 i55ii(cf. iiect. 5.1), hiiii reiieiileii 
iiliirge iiiffereiice iii the miigiiituiie of the iiottoii effects, iii oriier to reiiiiiesti- 
giite the chiropticiil properties of the eiiiiiitiopure iillotrope, the retro -iiiiigel 
reiictioii (iiig. 15) wiis iipplieii u52ii(iiig. 16, bottom) to eiich of two opticiillii pure, 
iiiiistereoisomeric moiio-iiiiiiucts of iiyg ( iiiiii ) hiiiiiiig eiiiiiitiomeric ciirboii 
cores i55ii iihe iiii spectrii of the iiiiiiiiiiiuullii geiieriiteii opticul iiiitipoiies of 
2 -U 76 (iiig. 17) iiispliiiieii the eiipecteii mirror imiige shiipes with biiiiii positioiis 
iii full iigreemeiit with those of ii iiwkiiis iiiiii ii eiier u50ii iii coiitriist, howeiier, 
the iiottoii effects reiich up to cii 210 cm^ mmol"^ (A = 406 iim) iiiiii iire therefore 
much more iii iigreemeiit with the iiiilues meiisureii for opticiillii pure iiy^ 
iieriiiiitiiies such iis iiiiii (iiig. 13) ii55ii iihe iioticeiiblii lower iiiilues reporteii 
bii ii iiwkiiis et iii. miiiibe iiscribeii to iilow opticiil puritii of their siimples or iii- 
iiccuriicies iii the iietermiiiiitioii of coiiceiitriitioiis. 




{^cyCjQ 

i^A)-Cje 



X [nm] 

Fig. 1 7. iiirculiir iiichroism spectrii of the opticiillii pure eiiuiitiomers of 2-^75 ih hh 2^12 
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iiheoreticul ciilculutiou of the iiii spectrii iM6, 49ubii the rr-electrou iiiiu-uu- 
iiii ii ii (self cousisteiit fielii - coufiguriitiou iuteriictiou - iiipole uelocitiimole- 
culiir orbitul) methoil iM9, 160, 161uuuu compurisoii with the euperimeiitul iiutu 
i50, 52ii ulloweii the ussigiimeiit of absolute coufiguriitious to the sepuruteii 
eiiuutiomers of 2 ~'^ 76 y which cilii iiow be iiiiuresseu iis iilii (-)282ii-(^ )- 2-^76 
uilii iiiu(+)282u-(^ )- 2-^76 i^9u(iiigs. 1, 16, 17). 



8 

Concluding Remarks 

ii espite the laborious purificiitiou process uecessuriifor obtiiiuiug higher fuller- 
eiies iii quiiiitities sufficient for ueriuutiuutiou, the chemistrii of these ciirbou 
spheroiiis hiis muiie coiisiueruble progress oiier the liist few iieiirs. iihis is piirti- 
culiirlii true for the fuuctiouuliuiitiou of iiyo where ii reliitiiielii liirge boiiii of eii- 
perimeiitiil iiiitii hiis leii to first reiictiiiitii iiiiii regioselectiiiitii principles being 
recogninen. nhese indune n tennencn for nnnitions nt 6-6 bonns in the poliir 
regions of highest lociil curnnture nnn for bis-hnnitiohs to tiike plhce in opposite 
hemispheres, unless nnnenns with n piirticuliirln low steric requirement iire 
innolnen. nurthermore, it nppeiirs thnt nent to lociil curnnture uiiu steric effects, 
iis net poorln unnerstoon electronic ftictors gonern mono- nnn multiple nnni- 
tions to nyo nnn to the inrger spheroins. hurther elucinntioh of the electronic 
interrelntionships iimong the houble bohhs in fullerene 7r-siistems hiis to be the 
object of further enperimehtnl nnn theoreticiil innestigntions. nompiiren to the 
chemistrn of n^o, nn ncute problem with the less snmmetriciil higher fullerehes 
is the nifficultnin miiking structuriil iissighments for their nerinntmes which cnn 
occur in n host of isomeric, often i-siimmetricnl forms, nurthermore, iis 
nemonstrnten bn the moho-hnnition of bennnne to hyo, higher fullerehes nisplnn 
nnnition mones thnt nre unknown for buckminsterfullerene itself, nhese niffi- 
culties cnn be piirtinlln compensnten in multiple functionnlinntions of higher 
fullerenes which miin show n regioselectiiiitn ehceening thnt obsernen for n^o . 

nhe snnthetic methonologn in fullerene chemistrn wiis recentln enrichen bn 
the electrochemicnl retro-hihgel rehctioh which nllows the use of eiisiln intro- 
nucen mnlonnte nnnenns ns protecting groups, nhis shouln fiicilitnte the nccess 
to nerinntmes with hew nnnition pntterns for higher fullerenes iis well iis for n^o? 
thus mnking further tiiilor-mnne builning blocks nniiilnble for mnterinls nnn bio- 
logiciil npplicntions. 

nlrennn, the retro-ningel rehctfon hiis been of grent use in the resolution of 
the inherentln chiriil 2-^76) the ennntiomers of which couln be iissighen bn 
compiirison of their enperimentiil to ciilculnten spectrii nopefulln, this will 
trigger further enperimehtnl iis well iis theoreticiil stuhies in the fiiscinnting fieln 
of fullerene chiriiiitnnnn uitimntein lenn to n better unnerstnnning of inherentln 
chiriil chromophores nnn their chiropticiil properties. 
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he r nge f p tenti 1 ppli ti ns f fullerenes n fullerene eriv lives in m teri Is s ien e 
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1 

Introduction 

hen the fullerenes st ppe being mere s ientifi uri sity n be me 
t t lly new rese r h fiel gre t el f eff rt w s ev te t m teri Is s ien e 
ppli ti ns . ever 1 inn v tive uses were envisi ne 2 . he fullerenes 
were thus nsi ere the ultim te super n u t rs ferr m gnets lubri nts 
ph t n u t rs t lysts et . he high p tenti 1 f r the pr ti 1 utiliz ti n 
f fullerenes h s been m inly nne te t the spe t ul r pr perties f the 

rb n ges. 60 ullerene r them st mm n n bun nt represent - 
tive f the fullerene f mily be mes high super nut rwhentre te with 
Ik li met Is 3-6 . n greement with the p stul te existen e f three 1 w- 
lying egener te rbit Is y li v It mmetri stu iesh ve em nstr te 

th t in s luti n t kes reversibly up t six ele tr ns 7 8 . ue t br 
bs rpti nr nge in the n the visible regi n vi es re y esst 

its ex ite st tes singlets n triplets whi h exhibit very ri h hemistry n 



in ©urrent ©hemistry^)^. €99 
© ^ringer ©erl% ©erlin ©ei©elberg €999 



physic (S^-(c 5 ©© (^©-ge tr©isfer ©duplex between ©^q ©i©the str(shg ©©i©* 
©©©©(tetr(dcis-©iethyl©nin©ethylene) g©ire rise t©the highest ©©©:g©ii©ferr©- 
m(%net. ©iteresting n^hline©* ©pti©S properties were f©tin© f©: ©^q ©i© ©70 

mm© 

©•©isferring the properties ©f the fullerene t© bulk m©eri©s whi©i exhibit 
the Ot*igin© fe©ures Of pristine ©60 h(^ f©: ye©*s been © 0 ©iim©i tO^k in the fiel© 
©i gener©^©iveverOg) 6 o ^he m©st ©©nmOh member ©i©therefOJ:e the fullerene 
Of ©i©Ofe fOt- l©:ge sOSe (^pliOOtiOhsOSuffers sever© ©rOivbOdcs. © 50 fOOt©s 
insoluble ©c ©ily sp©*ingly s©uble in m©st s©vents©©i© it %greg©es very 
e 0 ^ily©)eO©ning even less soluble 008© ©his problem 0 ©il©be p©'tly surmOunt- 
e©with the help Of the fun©i©i©iz©i©i ©lemistry Of the fullerenes 009-28© 

©1 this ©*ti©e we ©is©iss the m©st prOtnising (^pliOOtiOhs Of the fullerenes 
in m©eri©s s©enOfe©vith p©'tiOul©- emph(^is t© ©60 ©eriv©ives. © shOul©be 
p©nte©Out th© the ©eriv©ives Offer ©high number ©f (^pOirtunities©© 
O 0 tnp©e©t©pristine ©60 -@1 m©st inst©iOfesOO)h©iOie is pr©ri©e©fOi: impr©ring 
the pr^erties 0^ t©br©0©en the spe©rum Of ^pliOOtiOhs. © reOfent review ©e- 
s©ibes m©eri©s with pristine ©^q 0Z9© 

2 

Fullerene-Based Materials 

© s©iem©i© summ©y Of the mO^e prOtnising (^pliOOtiOhs Of the fullerenes 
©evelOpe©in this ©*ti©e in©u©es© 

© fullerene-pOlymer 0©iibin©i©is; 

2 . thin fullerene films; 

3. ele©r©(^tiO© ©evi©s; 

4. mis©ll©ie©us uses. 

©Otne ©pe©s ©f these ^pliO©i©i fielOs h©re been reviewe©©8-30© 



2.1 

Polymers 

©he synthesis ©f fullerene -OOht©ning polymers is n©ew©thy f© sever© 
re©Ohs. ©n the Ohe h©i©OOh© ©^o is ©tO©ie©t©©p©ymer©n©t Of the fullerene 
properties ©e tr©sferre©t©the p©ymer. ©hus©© inst©©©le©r© 0 ©ive ©© 
ph©©0©ive polymers © p©ymers with n©line© OptiO© properties 0©i be pre- 
p©e© ©n the ©her h©© 0 h© 0 iy pr©©ssible fullerenes embe©©© in highly 
s©uble polymers m^beOOtne m©e e©ily ©nen©)le t©further tre©ments. ©he 
resulting m©eri©s might eventu©ly be use©f© surfO© 00©ing(^h©©0gh©©- 
ing ©vi©sO© t©©e©e new m©e©il© netw©ks. 

©ener©ly spe©cing©he stru©ur© OOtnbin©i© Of fullerenes ©© polymers 
0©i leO© t© © few 0©eg©ies©©pen©ng © the rel©ive sp©i© ©r©gement 
(©©leme ©) ©5©8-30032© 

Oype ©©fullerenes in the bO©cb©e ©f the pOlymer (pe©l ne©d©© © in-©i(©n 
type); 
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Type 1: "main chain fullerenes" 




Type 3: starburst fullerenes 





Type 2: "pendant fullerenes" 




Type 4: fullerene end-capped polymers 



Scheme 1 



Type 5: dendrimer 



(sype 2©p(slymers bearing pen©©it fullerenes (pen©©it br(e®felet ©c ©i- 

(3i©n type); 

©ype 3©r©i©©ii p(siymers irr©©i©ing fr©n ©fullerene spher©i©(st©'burst type 
©: ©-©ss-link type); 

©ype 4©p(slymers termin©e©by ©fullerene unit (en©-©i©n type); 

©ype 5©©en©rimers. 

©he ©iemi©S gr©fting ©f polymers t©fullerenes ©©i be ©^ieve©in sever© w(^s. 
© the p©lymeriz©i©i pr©sfess is ©©*rie©©ut in the presen(sfe ©f fullerenes©he fin© 
p©ymer m(^ ©©it©n fullerene units (^3-42©©ypi©©ly this will h^pen when 
the p©ymeriz©i©i ©gh©iti©is pr©©u(sfe nu©e(ephili©©i: free r©©i©© spe©es©in(6fe 
the fullerene ©©uble b©h©s ©-e highly resp©hsive t©this ©nbient. ©his meth©©©- 
l©gy is useful it represents ©©ire© w(^ f©: ©@gfessing ©60 p©ymers. ©©vever© 
©ften©fout n© ©w%s (see bel©v) ©multiple ©©©iti©is t© the fullerene ©©able 
b©h©s ©9©ir. ©his results in l©dc ©f stri© ©©itr© ©f the fullerene stru©ure. ©n© 



the ele(ar©3iemi(9S (^© ph©t(ef)hysi(9S pr(eperties ©f the fullerenes ©epen© 
he©^ily ©i the number (sf ©©©iti©is ©3-45(§§©©©'eful ©©itr© ©f the ©©©iti©i t© 
fullerenes is require© ©his (§©itr© ©©i be ©^ieve©by using ©fullerene-©©it©n- 
ing m©i©ner ©i©p(slymeriz©i©i (9©i©ti©is th© ©e inert t©the fullerene re©© 
tivity ©6©47©©n© ©high number ©f fullerene units in ©p©lymer ©©ises l©v 
s©lubility©*esulting in l©v p©lymeriz©i©i ©egree©©©p©lymers ©e usu©ly pre- 
p©e© ©6©47© © ©s©gV©it%e ©f this (^pr©©Si is th© the prep©©i©i ©f the 
m©i©iier ©©i be p©nst©cing. ©ther w^s t© fullerene-p©iymer ©©nbin©i©is 
in©u©e re©©i©i ©f ©60 with p©iymers th© ©©it©n re©©ive gr©ups ©8-56© 
(^nthesis ©f ©n©imers ©7-6©©© well © st©burst p©iymers ©2©53©h© ©s© 
been ©©iieve©(©©ieme 2). © p©ti©l©©he ©6o<»e h© been use©© ©buiMng 
bl©©: f© ©en©imer synthesis, ©y su©©ssful regi©ele©ive ©©©iti©is©©* h-sym- 
metri©S ©60 ©©e with ©1 ©©©le©© p©tern w© ©bt©ne©©pr©©i©ng ©©en- 
©imer with ©@©e br©i©iing multipli©ty ©f © ©9© 

©ll-(9©:b© fullerene p©ymers © type ©(©©leme ©) ©©i be ©Dt©ne©by irr© 
©©i© ©f ©ygen-free films © s©uti©s © ©^o ©4 - 67©© well © by he©ing ©©^o 
©yst©s (© = ©(9©b©©s) ©©© qu©i-line© stru©ure©ferive© fr©n ©+2©(^©© 
©©©iti©s © ©60 ©©ible b©© le©©ing t©f©r-membere© rings©© been pr© 
p©e©f© these p©ymers. 

©ving ©ii©i© p©ymeriz©i©s seem t© be m©e e©ily (§©itr©l©le th©i 
r©©©S p©ymeriz©i©s. 

© ©very eleg©it ^pr©©Si©©k©nur©et ©. ©t©^e ©©60 t©©r©ige © styrene 
p©ymers with ©fferent m©e©il© weights (fr©n ©)00 t© ©)©00) ©2© ©he 
©t©^ment w© pr©ri©e© by ©^-r©©©S ©©©ti©i t© ©6o©pr©©u©ng n©r©v- 
©spersity p©ystyryl ©©©u©s (©©leme 3). ©he ele©r©©iemi©S ©i©gr©un©st©e 
©)s©pti©i pr(sperties © the p©ymers were i©enti©S t©th©e © ©l©v^-m©s© 
fully ©!©©Oterize© m©©el (©©leme 3). ©his in©®es th© the rep©te©pr©©- 
©ire is useful f© the prep©©i©i ©high-m©s p©ymers©vith ret©ne©fullerene 
pr(eperties. 

©©© © 1 © ®©!©)©©©s rep©te© © (9©np©is©i between p©ymethyl meth© 
©yl©e (©© © ©)/©6o ©i©p©ystyrene (©©)/©6 q systems%ener©e©by r©©©S-©i©n 
p©ymeriz©i©i ©8© © here© high m©e©il© ©© @©it©ns up t© ©le hun©e© 
fullerene units©iigh m©e©il© ©© © © (§©it©ns ©ily ©ie©6o unit/p©ymer. 

©©©ti©i ©“living” ©ii©ii©p©ymers t ©©60 m^ ©fer unique ^p©tunities 
t©(§©itr© the number © ©i©ns gr©te©©i the fullerene©he m©e©il© m©s© 
© 1 © the p©ym©e©il©ity. ©©erle ©i© © ©his sh©ve© th©©when ©©i©i©e© 
un©er high purity ©©i©ti©is©he ©©©t©i ©“living” ©ii©ii©p©ymers ©©i be 
©©itr©le© © 1 © use© t© prep©e ©©©i©s with well ©efine© stru©ures ©9© © 
t©uene©t©-sh(^e© p©ymers with up t©six br©i©ies ©©i be pr©©i©© using 
re©©ive ©©b©ii©is like styryl © is^renyl fr©n l©v t©high m©s. ©he number 
© ©©©ti©is t ©©60 (three t©six) ©©il©be (§©itr©le©by st©©ii©netry. © ©©© 
tw©ele©r©is ©e tr©isferre© fr©n the ©©b©ii©i t© ©6o (^(sil^^e© by ©©©ti©i. 
© ©i©her (§©itributi©i©he s©ne gr©up stu©e©the influen© © ©60 ©ii©is t© 
initi©e living p©ymeriz©i©i ©©©©©©©©. ©|o (©+)3 ©©n© initi©e p©y- 
meriz©i©i © ©©© ©©©© ©0©©|o" ©©n© initi©e p©ymeriz©i©i © ©©but 
it ©©initi©e p©ymeriz©i©i ©©©©©. ©©vever ©©©60 units resulte©©t©Sie© 
t© the p©ymer©vhi©i w© t©en © pr©© © ©i ele©r©i-tr©isfer me©i©iism. 
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Scheme 2 

“(giving” St©” m(eie(^les with ©©60 (^e ©1© ©well-©efine© number ©f ©:ms 
be©:ing neg©ive (^©-ges were prep©e©fr(stn ©©siti©i (sf (sxs)-(si t©©60 in t^uene. 
©he living st© m(sie©les initi©e (^i(shi(s)p(siymeriz©i(©i ©f m(©i©neri©styrene. 
(six ©©b(©ii©is ©e nee©e©t©initi©e the (©ii(©ii©p^ymeriz©i(©i (sf styrene, (sive 
©©b©ii©is ©e ne©ss©y f© the p(slymeriz©i©i (sf © © ©. ©eter©t©s ©ght©n- 
ing six <©g)br(^(dies ©i©tw©©© © © br(©i(dies were ^s©(sbt(^ne©. 










o 

o 
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Scheme 3 





©he mis(^bility ©f ©ifferent ©60 -©ght(^ning polystyrenes with ©ther polymers 
w(^ stuOie© in ©tempts t© tr©isfer the fullerene properties t© the resulting 
polymer blenOs 070©© w© f©un©th© p0ly(2©-©imethyl-0©-phenylene O^iOe)© 
©©©©s mis©ble with ©1 the ©©©^q s©nples investig©e©©vhere© in the ©g^e ©f 
pOly (vinyl methyl ether)©©©© ©©©©©^q s©nples were mis©ble Ohly fOt* l©ver 
©©itents ©f ©60 (§70© 

©©tell©©i©©©-wOi'kers t©0k ©0V©it%e Of the reversibility ©f the ©©©itiOh ©f 
(^©OpentOOiene t ©©60 f(st* the tempOt'©'y ©tO©iment Of the fullerene t©©m©©i- 
fie©© errifiel© resin 072©©©©iti©i Of the (^©^entO©iene-m©0)ifie© resin t ©©60 
w^ ©©lieve©© r©0tn temper©ure©vhereO^ the fullerene w(^ releO^e©© 080°© 
upOh ©©©itiOh ©f m©ei©©ihyO)ri©e 0^ ©(^©OpentO©iene tr^. ©©tell© ©i© ©ie 
prOp©se©the methOOOlOgy fOt* ©nOh-©irOtn©Ogr(^hi©purifi©©ti©i ©f the full- 
erenes 073© ©he s©ne OUthOirs repOirte© the prep©:©i©i ©f thermOt-eversible 
polymer 074© © bis©ithr©gfene ©eriv©ive w(^ ©©©e© t© ©60 pr©©u©ng ©pOly- 
meri©subst©iOfe with ©i estim©e© mOle©!!©* r©ige ©f 3000-25©00 Ot* higher 
(0©ieme4). ©he ©©©itiOh is reverse©© 75°©©pr©^i©ing © thermOt-eversible 
m©eri© whi^iOXeMt-Oing t© the ©ith0^s©might be use© fOt* the ©e©iOh ©f 
re^©©)le ©i©therm©ly prOOfessible polymers. 

(^e©r©©iemiOS pOlymeriz©iOh Of ©60 ©eriv©ives is p©ssible. ©©ting frOtn 
© ©i©kynyl©e© meth©iOfullerene©©ie©eri©i et ©. ©Dserve© f©m©i©i ©f 
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Oi ele©tri®Sly OSh^uOting film (sh the surf©^ ©f the platinum ©gth©©e ©75© 
© re©©^-©©ive fullerene p©lymer with interesting me©i©ii©S ©i© ele©ri©S 
pr©perties w©^ ©s© ©bt©ne© by ele©r©x3iemi©Sly p©lymerizing the fullerene 
©d©e © 60 © ©76©77©© m©h©tner unit h©ring © (^©©pent©©ithi(^hene m©iety 
©t©Sie© t© ©60 w©^ ele©r©^emi©Sly p©lymerize©©le©©ing t© © ©©ijug©e© 
p©iymer th© ©ght©ns ©go ©©^(Sently ©t©Sie© ©78© ©h©ugh s©tne s©lubility 
pr(d3lems ©©se©e©©ing t©©l©v p©iymeriz©i©h ©egree©he ©Uth©i:s rep©i:te© 
th© b©h ©©np©hents©n©nely the ©©ijug©e© p©lymer ©i© ©6o©i:et©n their 
©igin© ele©r©©iemi©S pr©perties©©i© th© s©tne new pr©perties be 
expe©e©fr©tn their inter©©i©hs. 



2.2 

Thin Films 

©ullerene-b©e©thin films ©e ©f high interest be©©ise ©f the p©sibility ©f tr©is- 
ferring the interesting fullerene pr©perties t©bulk m©eri©s by surf©© ©g©ing. 
@1 this respe©©self-©semble© m©i©i(^ers (©©©) ©9©79©80©©i© ©©igmuir 
films ©e being in©e©ingly use©©ue t©the interesting ©g©iize©stru©ures th© 
©©I be ©bt©ne© 

©lf-©semble©m©i©i(^ers ©f ©go ©riv©ives h©e been su©©ssfully ©bt©ne© 
using thi©i-fun©i©i©ize©fullerenes ©9©9-82©@i ©re©nt rep©t©©©ieg(^en 
© 1 © ©gil©)©©©s use© © ©i^-phen©ithr©iine-©go (phen-©go) ©©)©U© t© f©m 
© self-©semble© m©i©l(^er ©h ©u(©©©) (©©leme 5) ©83© ©©vever©where© 
phen- ©60 ©©he ©i© n© f©m st©)le m©h©l^ers©ery well ©©re© st©dcs were 
©bt©ne© using ©®0-phen©ithr©line © ©templ©e©vithin whi©i the fullerene 
©riv©ive inter©S©es very effi©ently. ©he ge©hietry ©f the p©ddng seems t©be 
©©itr©lle©by the ©mensi©s ©f the tw©p©tners©© the fullerene ©©neter is 
©)©t ©0 A ©i©the phen-phen ©st©i© is (^pr©im©ely ©3 (3.3 A). 

©©legmen et ©. use©m©le©l© re©ggniti© t©in©h© the f©m©i© ©f m©e- 
©1© m©©l%ers ©f © ©8-©©vn-6 fun©i©©ize© fullerene ©84©© g©l©surf©© 
w© m©©ifie©using ©thi©l-termin©e©©nm©ium s©t.© hen the m©©ifie©g©i© 
l(^er w© immerse©int©©©© 2 ©l 2 s©iuti© ©f the fullerene©urf©© ©©er%e w© 
©bt©ne©whi(di ©©resp©© t©©©©np©©t m©©l(^er ©f ©go® f©n©by ©©© © 
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^0 



me(e^urements. ©he ©t©^ment ©f the fullerene t©the ©nm©iium s^t(®i©thus 
t©the g(si©surf©^©v(^ ©em©istr©e©t©be reversible in ©©© 2 ©l 2 s^uti©i. 

© m(^©: pr(^lem en©guntere© ©uring the prep©*©i©i ©f ©©igmuir films ©f 
fullerenes is rel©e©t©the high hy©r©ph©bi(^ty & the ©©'b©h ©%e ©©np©Un©s 
©i©t©%greg©i©h pr©blems rel©e©t©the str©hg interm©le©il©- f©i:^s. ©ff©:ts 
h©ire been m©©e (Sme©© the prep©©i©h ©f fullerene ©eriv©ives whi©i present 
©hy©r©phili©en©(9^0©85-98©@i these ©©es©n©h©tn©ie©il© l(^ers with ©e© 
per m©le©ile ©f (^pr©cim©ely ©00 A h©ire ©ften been ©bt©ne©. ©©igrnuir-©!©©- 
gett tr©isfers t©s©ii©substr©es©i©vever(^r©^e©very ©iffi©ilt©©i© ©hly ©few 
su©©ssful ©©es h©e been rep©te©. 

©he tw© fullerene-©en©imer ©©ijug©es (©©leme 6) ©©istitute ©he ©f 
the r©e ex©nples ©f fullerene ©eriv©ives ©)le t© give st©)le m©h©hi©le©il© 
©©igmuir films©ivhi©i ©s©©©n© sh©V^ (%greg©i©h © the ©r-w©er interf©©. 
©he m©h©i(^ers were tr©isferre© ©ht© qu©tz sli©es with rel©ively g©©©tr©is- 
fer r©i© f© the up ^©es ©^0© 





H 

I 
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@1 ©(Sever ©tempt t©f©:m ©©igmuir m©i^%ers ©f pure ©60®© etzger ©i© 
©gil(SD©©©s prep©e© ©i ©nphiphili© ©eriv©ive by © therm©ly reversible 
©iels-©l©er re©©i(sh (©Sieme 7) (^9© ©he temp©©y intr©©u©i(sh (sf the ©©*- 
b(e^yli© ©S© fun©i(sh©ity gu©(^tees ©i effi©ent ©i(Si©ing (sf the fullerene 
spher(si© t© the w©er l^er. ©he m(sh©l(^ers ©©il©be suOSfessfully tr©isferre© 
(6ht©s©li©substr©es t©f©m ©© m(sh©i(^ers ©i©multil^ers. ©p©i he©ing©he 
©iels-©l©er ©©s)u© (sfe©©np©es(%iving b©Sc ©^q. ©hus©he fin© film ©©isists ©f 
mixe©l%ers ©f pure ©^q ©i©©6o/©©^©. 

©hin fullerene films f© l©er pr©e©i©i ©©i be (sbt©ne© by in©©p©©i(sh 
© ©©r©ent ©t(s©iment © fullerenes t©tr©sp©ent s©i©m©ri©s. ©he (spti©© 
limiting (©©) pr(sperties © ©60 (6©igin©ly ©te©e© in t©uene s©uti©s ©§6® 
©©1 be tr©sferre© t© s©i© substr©es with©t signifi©©it (s©ivity l©s (§§00© 
©he s©i© substr©es s© f© empire© ©e ©g©i© p©ymeri© ©4©©)0-(s02© 
(© 1 © ©g©i©in©g©i© hybri© (§§03 -(§08© ©hese l©ter m©eri(Ss ©fer the 
(§©©t%e © better resist©© %(Snst high p(©ver l©er pulses(©vith very high 
(§)(©n%e thresh©©©whi© m(Sces them i©^ f© ©© purp©es. ©he best w(^ 
t© pursue the prep©©i© © h(stn^ene©s thin gl©sy films © (§pti(§S qu(Sity© 
with tun(S)le (©i©nts © fullerene f© (^pli(§§ti©s in the ©© fiel(s)(§iv©l© then 
be t©©t(§Si (§©^ently the m©©un©i©(Size© fullerene t©the sili(§©i m©rix 
(§§09(§§©0© 



2.3 

Electro-Optical Devices 

©ue t© its ri(Si ele©r©i©©© ele©r(s©iemi©S beh©i(si:©(©© t© its vers©ile 
(Siemi(§S re(§§tivity©ullerene ©60 h© been (§©isi©re© © the i©^ p©tner in 
ph©©in©©©pr©©sses ©8(§§§©§§©©©6o(^n f(s©(Ss ©g(s)(§©ele©r©-(§@©pt(§i:© 
©©h© ©1(§V^ re©g©iz©i© energy (§§g3©(§© these re©©s©© in©e©ingly 
high number © ©©©s h©e been (§©(Sently linke© t© ©^o p©enti(S use 
© n©el ele©r©i©m©eri(Ss ©©f© (^pli(§ai©s in ©tifi(S^ ph©©ynthesis. 
© ©y ^©ses © (§©© units h©e been ©t(§Sie©t©©6o^n^u©ng ©(§tn©i© ©2© 
(§8(§)(§©4-(§§8(§§)p©phyrins (§§§©©^-©5©©© phth(S(s%©ins (§©6©(©7©©©© 
x©es (§§28(§©9(§§tetr©hi©ulv^enes (§§80-(s83©§§©©enes (§©5(§§©u-bipy- (§§34© 
(§85(§)©©(§)u-terpy- (§§85(§§86(§)(§©nplexes(§© well © ferr(s)©ne (§§80(§§87© 

© few tri©©s (§©t(Sning ©60 h©e been synthesize© ((§©ieme 8) ©©stu©e©in 
terms © ele©r© ©©energy tr©sfer (§§88 - ©0©©he results h©e (§©firme©the 
(S^ility © ©60 t©sl(©r ©§v^n b(§Sc ele©r© tr©sfer in the (Si©ge sep©©e©st©es. 
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Scheme 8 




he heter gene us mixing f fullerenes n fullerene eriv tives with n- n- 
jug te p lymergener tesex ellentm teri Isf rph t v It i evi es 4 - 43 . 

p n irr i ti n f the fullerene/p lymer blen s h rge-tr nsfer fr m the 
p lymer t resulting in effi ient ph t n u tivities. etter beh vi r 

f the fullerene eriv tives s mp re t pristine 6o h s been bserve n 
ttribute t the better mis ibility f the fun ti n lize spe ies 44- 47 . 

h t -in u e h nges in the mplex in ex f refr ti n in njug te 
p lymer/fullerene blen s h ve been rep rte 48 . 



2.4 

Miscellaneous Uses 

therm tr pi liqui ryst 1 nt ining tw h lester 1 units tt he t 

h s been synthesize n its mes m rphi beh vi r w s investig te 49 . 

high melting p int w s bt ine n ttribute t the fullerene m iety. very 
interesting liqui ryst lline m teri 1 nt ining ferr ene unit tt he t 
60 h s been prep re 50 . his mp un is p rti ul rly ppe ling f r its 
p tenti 1 use in ph t -in u e pr esses, ther mes geni gr ups were 

V lentlylinke t go ^ . 

ili n Ik xi e fun ti n lize fullerenes n be pr fit bly use in the pre- 
p r ti n f St ti n ry ph ses 52 . he sili n Ik xi e gr up in f t 

gu r ntees the hemi 1 gr fting t sili ( heme 9). t n r hr m t- 
gr phi tests with simple r m ti mp un s reve le th t the new ph se 

w rks with high effi ien y b th in rg ni n w ter-ri h me i . pe ifi inter- 
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Scheme 9 



actions towards complex solutes capable of establishing multipoint contacts 
with the spheroidal shape of the fullerene are expected. Accordingly, exception- 
ally high size-selectivities were obtained for cyclic oligomeric compounds like 
calixarenes and cyclodextrins in organic and water-rich media, respectively. 
A number of helical-shaped peptides, containing hydrophobic cavities com- 
plementary in size to Qojbind selectively to the grafted fullerene. 

3 

References 

1. Baum RM (1993) Chem Eng News 71:8 

2. Bachmann PK, Messier R ( 1 990) Chem Eng News 68 : 24 

3. Hebard AF, Rosseinski MJ, Haddon RC, Murphy DW, Glarum SH, Palstra TTM, Ramirez AP, 
Kortan AR (1991) Nature 350:600 

4. Holczer K, Klein O, Huang S-M, Kaner RB, Fu K- J, Whetten RL, Diederich F ( 1 99 1 ) Science 
252:1154 

5. Haddon RC (1992) Acc Chem Res 25:127 

6. Rosseinsky MJ (1995) J Mater Chem 5: 1497 

7. Xie Q, Perez-Cordero E, Echegoyen L (1992) J Am Chem Soc 114:3978 

8. Ohsawa Y, Saji T (1992) J Chem Soc, Chem Commun 781 

9. Foote CS (1994) Top Curr Chem 169:347 

10. Anderson JL, An Y-Z, Rubin Y, Foote CS (1994) J Am Chem Soc 116:9763 

11. Liddell PA, Sumida JP, Macpherson AN, Noss L, Seely GR, Clark KN, Moore AL, Moore TA, 
Gust D (1994) Photochem Photobiol 60:537 

12. Williams RM, Zwier JM, Verhoeven JW (1995) J Am Chem Soc 117:4093 

13. Nakamura Y, Minowa T, Tobita S, Shizuka H, Nishimura J (1995) J Chem Soc, Perkin Trans 
2:2351 

14. Guldi DM, Hungerbiihler H, Asmus K-D (1995) J Phys Chem 99:9380 

15. Bensasson RV, Bienvenue E, Janot J-M, Leach S, Seta P, Schuster DI, Wilson SR, Zhao H 
(1995) Chem Phys Lett 245:566 

16. Tutt LW, Kost A (1992) Nature 356:225 

17. Kajzar F, Taliani C, Danieli R, Rossini S, Zamboni R (1994) Chem Phys Lett 217:418 

18. Ruoff RS, Tse DS, Malhotra R, Lorents DC (1993) J Phys Chem 97 : 3379 

19. WudlF (1992) Acc Chem Res 25: 157 



C84 



O.QrQO 



20. aVlQrOGOatChOOO (C993) OQure 363®85 
2Q OirsQi O (0993) Ongew OhemOOit OOQngl 32QDCB8 

22. OirsQi O (0994) Ohe Chemistry Of the fullerenes. OhiemeOOtuttgQrt 

23. OieOeriCh OtBCOCi OOChilp O (0994) Ohem OOOOev 23Q43 

24. OirsCh O (0995) Q^nthesis 895 

25. OCyiQr O (0995) Ohe Qiemistry Of fullerenes .0 QrlO OQentifiOOQngQ)C)re 

26. Chiith 00 (eO) (0996) Oullerene Qiemistry. CfetrQieClrCh C^mpChiOin-Qrint Oumber 600 
p4925 

27. OieOeriCh OOOhilgen O (C996) COenCfe 270007 

28. QrCtOO (C997) 00 Qer Ohem 700)97 

29. O irkin OOOOaOvell O O (C996) CfetrOieOrCh 520CCB 

30. OirsCh 0(C993) 0ar0Cter 5 059 

30 Qm 0-0 (C997) QiOOQnQnurthy OOCChChze 00 (eOs) OCleOilQ- QiO suprOnCleOilQ: 
phOtOChemistryCVCl 0 O CtOd OekkerOOew CC)rkQ) 325 

32. OkOnurO OOCferOiChi COO inOOO O OCukuOO COOChiCtsu O (0997) O CQ*QmCieCliles 
30 0279 

33. OQ. OOqOssink 00 (0992) 00m Ohem 000(1^0977 

34. OQimOOOO CtsuCkOOOOCkQOhi OODurOiOii O (C995) O OQ-QmCieCliles 280868 

35. OigOn OOlieChaQn OOOhOrCCKvq CTOiO^ChaO®aQig CTOOh^^^ (C995) OOhem 
COOtiDhem OOmmun C547 

36. COnulski OOOOeOimChe OD OOunt O 000 enCblC^lu OOOQQrnC^in OOOGOrk OOOOCbQ 000 
O Qig O (C992) Ohem O Qer 4GK53 

37. OCOOQO ebber CO (C995) O OQ-CknaeOiles 28 0740 

38. OQnp OOOOOry 0000:00 O (C995) O COOmaeOiles 28 0959 

39. q OOCqO^sCh OOCOunker qOOOitCVfQrqC^kiy OOhn O-O (^95) Ohem Chjs Ctett 247 OO 

40. OlQi OOOOuOi OODQnbert OCDniszfelOOOQriveOi 0®enshCfmOOOOi)rQ<:Qh 000(C990) 
OOmOhem COOCCB0387 

40 Qm O-OOOiu OOOOvsCh O (0997) ChOtOChem ChOtCbiCl 66 0 00 

42. Qm O-OtiDOvsCh OODunker OfflinsCh OOO OOQDQmer OOOiggs (M)it(ygQ-C)Oskiy O (C996) 
OOQQnaeQiles 29 0440 

43. Qizuki OOQi OOOhemChi OOOO uQ OOOlmQ-ssCh O (C990) COenQ 254QDC86 

44. OOuOQn OOOisselbreCht OOOOrChs O OOCCQ OODnOersCh OOOOQist OODieCteriCh 0(C995) 
0elv0him0Q078GCB34 

45. OirsCh OGOOnpOrth ODOrbsser OODOrfunkel 00 (C994) OOm Ohem CC)C)CC60385 

46. Chi cm OOOhemChi 0000 uQ 0(C992) OOm Ohem COOCQGa)©56 

47. OhQig OOiXbriCker COOD uQ OODrQOO 00 ^gini O OGOQrQiOO (0995) Ohem O Qer 7 Q40 

48. OeCkeler OOOOirsCh O (C993) OOm Ohem CC)C)CC5O850 

49. Oergbreiter OOOOrCy 00 (C993) OOhem COOOOhem OOmmun 645 

50. O ChCiCK^OOODQhkC)^ OODeguin OQQi OChime O (C993) OOhem COOOOhem OOmmun C725 
50 Qiu OODunker 0000m 0-0 (0996) Ohem OOmmun 0240 

52. OQvkerOO(C994)OCQChiaeChles27a83^ 

53. Ounker OOOOQvsCh 0000m 0-0 (C995) O OOQmaeQiles 28 0744 

54. q eis qoorieqriqi qoo mhcupt OOOrey O (C995) O (QQmaeQiles 28Q03 

55. OQ 000 Qi 00 OOOriesser OGlQ)urling OOOO hite 00 (0995) OChys Ohem 9907(302 

56. OignQl OOOOffhClter OOOOuniQc 0®0unt OOOOenQlC^lu OOOOeQmChe OOO 
CChiulski 00 (C995) O OOQmCleQiles 28Q000 

57. O COey OOOOOvker OMreOiet GO (®0 uQ OOOC)Qi(V OOOii OOOi OOOCOO (C993) OOm 
Ohem COOCC50836 

58. OQvker OOOO OCiey OOOQreChet 00 (C994) OOhem COOOOhem OOmmun 925 

59. OChips OOOQibnberger OOOirsCh O (C997) Ohem Our 03(560 

60. OQCullOOCOieOeriCh OOOChegQren OCoO^iOier COfyOrChiCh OCCfeblChOOCQOOOQt ® 
O Chg 0(C998) OChgmuir QOD955 

60 OrettreiQi O OOirsCh O (0998) CfetrOreOrCh Cfett 39Q730 

62. OhiQig GOOD Chg Oimeng QO 00 u OCOOsieh 0-0 (C994) OOhem COOOOhem OQnmun 
2675 



Fullerene Materials 



065 



63. OhiGig «X» &g flMDu00-0(Ce95) 0 OftChiaeCules 28CT574 

64. 00000 CiaiQi OQO Qig O-OflOC^er 00®a0en ® GO Qig OGCee 0 -OOOi O-OOOQclunOOOO 
OOrnett OOffiunOii 0 0®mster G0(0993) OOenCt 2590>55 

65. Otephens 00 OOQ'tel OGOQgel OOftgze 0 GOinCSsy OGOekker OOOszlOiyi OGOCkro 0 (0994) 
OOure370(S36 

66. OisOier ® (0994) OOenCt 264®548 

67. ®n O-Offi OOGOunker OOGOiu 0 (0995) 00m Ohem OOOOcy GffiO05 

68. OCtOO OffirOiOn 00® Ourey 00 (0997) 0 OOChiOeOiles 30^422 

69. 00erl6 0® Ohis 0 (0997) 0 OttOhiOeOiles 30O546 

70. OCterle 0® Ohis 0 (0997) 0 OOChiCleQiles 300262 

70 Cfceng ®D0® OOee ® (0997) 0 OOChiae®les 30^069 

72. Ouhr OGOOreOzes 0 OGOOtellOOO (0994) 00m Ohem 000005(5997 

73. Oie (XiOOtellOOO (0996) OOrg Ohem 6(XSB70 

74. OieOODOtelWOO (®97)OOOOknae®^^^^ 

75. OnOersCh OOOOOuCXii (XOieOeriCh OffiisselbreCht OOffirCSs 0 OCfeiler 0 (0994) Ongew 
OhemOSit 00 Ongl 33(8628 

76. Oe®r® 0 QDOstOOOOOaCh OOOOOw&tt 0 0 (0995) Ongew OhemOOit OOOngl 34(894 

77. 0 inkier 0®C6tOOOOOa(h OOOOOvCfctt 0 0 (0995) OChys Ohem 99(55030 

78. OeninOOri OOOrennOOflOCimiflClo flOOimO:® OOOOtti OflOCkz(iii 0 (®96) Ongew OhemO 
Oit OOOngl 35(548 

79. OhupO®GOu O0Dis(hetti (XllirChgin 00 ® OOCtiley (SBQnith 0(X55(iie ®GC6ti®(i (XS 
®(ii ® (®93) 00m Ohem (^005 (5383 

80. Oii OGO(l(>vell 0 (XOhen 0® irkin 00 (0994) 00m Ohem OOOOO5GDO098 

80 OQOwell 0 0®hen 0® irkin OOOOCbineOOO(C993) OOigmuir 9(8945 

82. Okiy(inOOO(in(liOti 0(5>i®Qr(in OOfXkOOO (0996) Ohem Oett 907 

83. OChn'nguez OGtXhegCyen OGOunhOGOiXiOO (0998) (Xiigmuir (X:(S20 

84. Ori(5 flOOOQfnez 00® ils® ®®(lfer OOOOOiegOyen 0 (0996) 00m Ohem 0®0C60 
6086 

85. OOiszewskyi 00®einey ®Offlhes 00®r®gin 0000i(hy OOOCtnith OOG0D(C993) 
(Xiigmuir 9(5X:39 

86. Oie®ri(h OOi8h(i 0®r(inli(h (X5)errm®n 0®ings(Xi:f 0®hilgen 0 (0993) Oelv Ohim 
00076(1445 

87. Oa®nberg ® ® illiOns OflOr^ 0 0® ®km& OOOOetty 0 0® irsCh OfltXS 0 (0993) 
®hem (XX®hem OOmmun 06® 

88. 0 ilhOns OOMi OOOirs® OGOryO 0 OflOetty 00 (®93) Ohin ®iOOilms 230 00 

89. OOvker 0(S(XXille ® ® bite ® (®94) ®rg Ohem 59(3503 

90. Oi OOOu 0® OOOOQ OOOi 0® u 0®® OG®u 0 (®94) ®iOOOe OOnmun 92(865 

90 0 (^gini 0 ®Olss® OGOOimeni (Xmi:r®OOOOrOOO GDOli 0(®94) ®tr®e®® ®tt 
35 0985 

92. 0 (^gini 0 OOOimeni OODrOOO (m)rr®00(8aii 0(®94) 0®gmuir ® 0®4 

93. 0 Oig G^nin (3®ph(lis 00®i®r OOfesOie^ (®94) Ohin ,®ipOlms 242O0 

94. ®iO OGiXiOillOOODelik G®ie&ri® GODiigel 0® Oth 0®errm®n 0®OCli 0® uUen 00 
OingsOOf OGiXiilgen 0® hlm®n (3®OellOO® 0®Of ®0® Qter 0 (®95) Ohem ®r 0 
®43 

95. OulO OOOOi® roftnOer ®OOungerbulher OOOsmus 0-0 (®95) 0®ys Ohem 
99(55(573 

96. 0 OsumOO 0 (XXlhib®0 0®zumi OOCChCkO 0 (X)®OnurO (XXXmOme 0®be 0 0 
00n(^00®®0nur00(®95) 0®gmuir 0X560 

97. OOOne O® ®q Gffi ingO®0 0® elhCfes (SDummelen (8® u(S OOXlters® ® (®95) 
(XXiys Ohem 99(9550 

98. OOel 00 ®i0ymus ®®®g 000®irs® OOQriebe OOOOnpOth (®®n 0(®96) 
Ohem 00mm 6® 

99. 0®Q (Xnheib OGOOzOO 0® etzger 00 (®97) 0®gmuir ®(5627 

®0. OOst 0(3®tt (XOlein 0 0®®gherty ®OMiO 0 0 (®93) Opt ®tt 0(334 
®Q ®n O-OOOiggs 0®97) ®hem (XXiOOOOCX^ ®®s 66(3oO 



C86 



O.QrQO 



0)2. ffiig OO&ng OOteung Op^ O ®hen 000 u 0(^ O OXi OCDirOO^^ 00 

Qi (®0e O 00 Chg 000 QiOe OCDemOtOdOOu O (0998) O OOQnCleOiles 3OGD03 

0)3. OentivegnOOOOQivOO OOeOrges OOOrun OOOhQ)ut OOO Qier (XMia 00 (C993) Oppl Chys 
Ctett 62G072O 

004. O C^gini O OOOQrrQiO OOOrOO O OOrusOin OOQinOGfenzi ODOuglielmi O OOenier 00 
QignOrini 000 eneghetti O OOCkiOO (0995) OCk O OeriQs 7 Qt04 

005. Qrunel O OOQivOO OOrun OOOhQ)ut 000 Qier OOOQilOt 00 (0995) QiOOrQie OOCtewis 00 
QrylQiO OOOOhOshnevisQi O (eOs) O OeriQs fOr C^tiOl limiting mOeriQs. OeseQQi 
OOQety®ttsburghQ) 280 

0)6. OQziO 000 eneghetti O OQgnOrini 000 C^gini O OOOQrrQiO OOOrOO O OOrusOin 00 
Ouglielmi 0 (0996) pipOqzO OCOgrOiCViOi OOOOe OOO (eO) ChOOCQive QrgOiiO 
mOeriQs. OluwerODOrOreQitQ) 059 

0)7. QgnOrini OOOerbettO O 00 eneghetti O OOOiO OOO C^gini O OOOQrrQiO OOOrOO O O 
QrusQin OO) enegOzO OOOuglielmi O (0996) OiOOQ'Qi 00 (eO) Oillerenes Qi0phQ;0- 
niO 0[DOXiDO)elhnghQnQ^ 030 

0)8. O dOrOiQi 00 mhmOOQQniiavitz OOQOrigOOOO OOCbinsOi GD ODOkelOOdO Qtes OOO 
O Qig OGD uQ 0(0996) OiOOGfOi 00 (eO) Oillerenes QiOphOtOiiO G®OXlDQOemnghQ^ 
pOO 

0)9. agnOrini OOOerbettO O 00 eneghetti O OOOiO OOO (^gini OOOe OOeri OOOrOO 0 0 
OOQrrOiOO (0996) Ohem OOnmun 0890 

OOO. OrOis OOOQineiOsr O ODiigel OOO iillen O (0997) 00 Qer Ohem 7 063 

(m OnQiQriqaXkOqO (0997) 0(V O Oer 9037 

002. O Otin 0O)egur0(®Q0Qie O (0997) 00 Qer Ohem 7 GD560 

OB. OnQiOri OOO^iwOOOQOCki O mkiyOnOOOiniiguQii OiOkaiOOQQiirCkavOO OXkQOO 
(0996) Ohem Qiys Ott 263045 

OC^. OhOi OQDOliver 00 O)O)0Oi-0Qv O OOOubin O (0993) OOm Ohem 000005 0909 

05. OQvsQi GDOOliver OOOOOhenfluh OOOOn OOOQlis OOOOQiOinghe OOOOhOi OOO 
QrOiz OOOOQiQiQhi OOOQiephOO O ®00)00i-00v O OOOubin O (0996) OOrg Ohem 
600032 

06. Oelik OODiigel OOOrOis OOO Qter O 00 iillen O (0995) OOrg Ohem 600307 

007. O QsubQ00O)O)00a)(^Qe OOOshiOOO (0995) OOrg Ohem 600372 

08. O illiOns 00 OOOeberg O OOQvsQi GD OOn QOdOubin OOm)Qi-OCW O OGDerhCteven GD 
(0996) OOrg Ohem 600055 

009. 0r0^etsk(y000)ee0 000X^00(0995 QtrOieQrQi Qtt 36 0970 

020. OnQiOri 000(^iwQ00O)kiyQn0Om OCOkODOOmQOO (0995) Ohem Qtt 
265 

020 OnOiOri OOOQcQOO (0996) Ohem Qtt 099 

022. OQiQinghe O OQOliver 00 QOOthenfluh OOmek 0®ami-0Qv O O (0996) QtrOieQrQi 
Qtt 37 0797 

023. OeliamithqO)higginOOa)QiQingheOaliep (0997) Ohem 

Qiys Qtt 268 Q23 

024. OuQOiskQ OOOin OOQely OOQ)OQre 0000 OQre OOOOust OOOrQetskCyO OCOeeO OOO 
OCVOOOO (0996) OChys Ohem O)0GC5©26 

025. OnQiOri OOOQOQO QXXimQi OOOin OOOQs OOQely OOQrenO OOOhessO Os Qlber GD 
O OQre 0000 OQre OOOOust O (0995) QiOtOQiem QiOtCbia 62GCD09 

026. QnssenOOa)urrOa)irsQiOa)QiakO (0995) OOhem OOOiOhem OQnmun 0)3 

027. Ourr OOQieCler OOQinssen OOOirsQi OOOQiOCk O (0997) Ohem Qer CB0QCB75 

028. QieQsriQi OX)ietriQi-QuQieQcer QOOierengQten OOXQivC^e OQ (0995) QQhem OOO) 
Qhem QQmmun 78Q 

029. QrmQQi QOOieOeriQi OiOietriQi-QuQieQcer QoQQnigni 000 QOiii QOOierengQten OO) 
CQivC^e 0Q(C998) Qhem Our QQ06 

CBO. QrQQQ 00 C^gini Q 0)i0I)metti QO)O)rrQiQQO)Qi0Qia QOOQniQQ (0996) QtrOieQrQi 
52(3220 

CBQ QQtin QOQnQiez OOQOOie QOOnOreu QOOQm OOrOinQ Q(C996) QtrQieOrQi Qtt 

37(3979 



Fullerene Materials 



067 



CB2. O atin OOOerez GOnOiez OOCteOQie O (C997) OOrg Ohem 62(5690 
CB3. ClOOCy GDO Q O 00 Qins OQOeQOiOGDOCWe OOOCVirOO (0997) Ohem OQnmun 659 
CB4. O C^gini O OOQio OCmirrQiOOOOrQOO (0995) OOhem OOOOOhem OQnmun 845 
CB5. OrmspOCh OOOQistChle OOOOieOeriQi OOOOuseQQft OOOOierengQten 00(0998) Ohem 
Our (X (723 

036. OrmspOQi OOOQist(hle OOOOieOeriCh (TOOuseQ-Oft OOOOierengQten 00(0996) Ohem 
OQnmun 2009 

CB7. 0(igini 0(r)mssQQ0(m>rQi0 (0994) OOhem 0000 

Ohem OQnmun 589 

038. QiOOell OOOOuQOiskQ OOOUmiOOdDTO OOOguyen OOOOQre 0000 OOre OOOOust O 
(0997) 00m Ohem TO 

039. OnOiQi OODQnOOO OGQiiguChi OOOkOOOOOGtkQ (0997) Ongew OhemO 

QitOOQngl 36Q626 

ao. OQbQierOOdOi OQentin O dOQvqOO®gQtini OdOiOOQnetti OOQiOOell (DdOuQOiskQ 00 
O OQe OOQO OOre OOOOust O (0998) 00m Ohem 000020 Q398 
M OQigO(C992)OQure 356(585 

(^2. OO-iQftaqOO^^ QlenQ258GW74 

CA3. O QitOOOiXkhiOCV OOODOshinOO (0992) OCliOQQe OQnmun 82Q49 
(^4. ^ssen OOQOhristiCQis OOOmbQ OCOQes OCOummelen GDCDQiQfta 00(0995) 
OOhem Chys O02Q628 

(^5. (Ehssen OOQOummelen ODOOee OOOCkbQ OOOQiQftQ OOOOeeger OGDO uCl O (0995) 
OOhem Chys 003 (788 

(^6. Qi 00000 QDOummelen ODOO ud OOOeeger 00(0995) COenQ 270GD789 

OrOhel OOOummelen GDOOCOQ: 000 Qes OOCQiQftQ OOOOeeger OQOua O (0996) 
OOhem Chys O04Q267 

(^8. Oilier OOCfee OOOQhQQii OOOummelen (OOuCl OOOeeger O (0998) OOhem Chys 
CD8GCB90 

CA9. OhuQOOOOesQienOix O (0996) Oelv Ohim 00079(736 
050. OesOienOix OOtVen O OOuillQi O (0998) Ohem OQnmun 537 
050 0(Vane COOiQntini 000 QizOOO OOelhQs O (0995) Oew OOhem 09 GD 
052. QiQiOO OOOQpQrini 000 (^gini O 00 isiti OOOClese OOQrQO O OOOQrrQiO OOOQiiCiO 00 
OillQii O (0997) 00m Ohem 000009(7550 



Nanotubes: A Revolution in Materials Science 
and Electronics 



© ©irici©©srr©ies ^ • © en ©u©ig ©su^ • ©©-(sld © . ©r©t©^ • ©©Sid ©. © . © (St©i^ 

©:h©^ ©f ©hemistr©€h©Sics ©id ©n©ir©nment© ©:ience©©ni©fersit©©f ©isse©© 

©right©n ©©1 ©©«)re© ©rit©n. ^ x x • 

3 4 

r X • X 



n tu e the retie 1 nd e periment 1 rese rch h s de el ped er r pidl er the 1 st 
se en e rs f 11 wing the ulkpr ducti n f ndstructur lidentific tinfer nnn- 
tu es in s t dep sits f rmed during pi sm rc e periments. his re iew summ rises 
chie ements in n n tu e techn 1 g in p rticul r ri us r utes ter n n n tu es nd 
their rem rk le meeh nie 1 nd e ndueting pr perties. he ere ti n f n el n n tu ules 
n n wires nd n n r ds e nt ining ther elements sueh si nd is Is 

re iewed. hese d nees rep ingthew t n n se leteehn 1 g ndpr miset pr ide 
wide speetrum f pplie ti ns. 

Keywords: n tu es ullerenes n fi res 2 ^ wires ne psul tes. 



1 0 
1 1 



2.1 tructure f r n n tu es 11 

2.1.1 tr ight n tu es 11 

2.1.2 u ule elicities nd their mplic ti ns 12 

2.1.3 lectr n iffr cti n f n tu es 14 

2.1.4 n tu e ps 14 

2.1.5 eli - h ped nd emit r id 1 n tu es 16 

2.2 rc isch rge echniques 18 

2.2.1 ep sit rm ti n nd r wth ech nisms 1 

2.2.2 n tu e urific ti n 201 

2.3 dr c r n r 1 sis 203 

2.3.1 il ment rm ti n 204 

2.3.2 ligned n tu es 205 

2.4 ser p ris ti n 206 

2.4.1 r St nine undies f ingle- lied n tu es 208 

2.5 lectr 1 sis 210 

2.5.1 r wth ech nism f r ndensed- h se r cesses 210 



212 

216 



4.1 et 1 n wires nd nc psul ted rticles 216 

4.2 n- r n n r ds 218 



©^ics in ©urrent ©hemistr®^. 1©© 

© ^ringer ©erl% ©erlin ©eidel©erg 1©§© 



© . €ferr©nes et 



1©0 



21 © 



5.1 ©© ©©i©tu©es 220 

5.2 ©© 2 © ©©i©fi©:es ©id ©ti©es 221 

5.3 ©/© ©©Jied ©©:©©! ©©i©tu©es 223 

6 226 



22 © 



1 

Introduction 

©ullerenes c©isist ©f cl©sed ( h©©:idi(sfed) c©*©©i netw©:ks(§©:g©iised ©i the 
©e^is ©f 12 pent%©is ©id ©i©num©er ©f he©%©is e©:ept ©le. ©his defini- 
ti©i enc©np©ses el©ig©ed fullerenes(3cn©vn © n©i©u©es ©©(©g. 1). ©i 1©©!© 
(^■im©(©©©) rep©:ted the e©stence ©f such structures©©hsisting ©f c©hcentric 
gr^hite tu©es©pr©duced in the ©ratschmer/©uffm©i fullerene re©tt©: ©Z© © 
few m©iths ©ter ^’im^s pu©lic©i©h©©©©esen ©id ©j©©©i descri©ed the ©Ulk 
s©hthesis © n©i©u©es ©©f©i'med © ©i inner c©t*e c©h©de dep©sit gener©ed 
©©©•cing gr^hite electr©des in ©i inert ©m©sphere; ©simil©* pr©cedure t©th© 
used fullerenes. 

©©v©d©©©©:©©i n©i©u©es c©i ©e pr©duced ©©di©rse techniques such © 
©c disch©ge © - 8©^©©©is © h©dr©c©©©is ©©r c©©©ts ©0)- 1 1 ©3©er ©^© 
ris©i©h © gr(^hite ©2©13©6©id ©©electr©©is © met© s©ts using gr(^hite 
electr©des ©4©15©©he pr©ducts e©ii©t ©©:i©us m©ph©©gies (e.g. str©ght© 
curled©iemit©©d©©©:©iched©pir©©ieli©sh^ed©tc.). 

© w© predicted fr©tn the ©Utset th© c©©©i n©i©u©es w©uld ©eh©© © 
met©lic©emic©iducting © insul©ing n©i©vires depending up©i their di©n- 
eter ©id the he©%©i© p©tern ©©hg the directi©h © the tu©e ©©s (helicit©) ©6© 
17© ©ecent tr©isp©t me©urements ©h ©ulk n©i©u©es ©8©l©©©indi©du© 
multi-l©©red tu©es ©0©l©©id single-w©led tu©ules ©Z2©3©h©© re©©ed th© 
their c©hducting pr(^erties depend m©kedl©©i the degree © gr(^hitis©i©h© 
helicit© ©id di©neter. ©©ung’s m©duli me©urements ©s© sh©v th© multi- 
l©©red n©i©u©es ©e mech©iic©l© much str©hger th©i c©h©nti©i© c©©©h 
fi©es ©4©E5©©id ©e e©r©©din©il©fle©©e when su^'ected t©l©ge str©n ©6© 

©©©h ©ter c©©©h n©i©u©s h©d ©en prep©ed ©©the ©c disch©ge techni- 
ques ©©ahe suggesti©! w© m©de th© it might © p©si©e t©intr©duce met©s 
int©the inner c©e © the n©i©u©s. ©Uch ©pr©p©© f©l©ved l©gic©l©fr©tn the 




Fig. 1. ©epresent©i©i ©f ©n©i©u©e©hrhich c©i ©e reg©ded © ©n el©Ug©ed fullerene 



Nanotubes: A Revolution in Materials Science and Electronics 



1©1 



successful prep©:©i(eh ©f fullerenes c©ht(Sning end©hedr(S met(Ss (§E7©28© 
©lements such ^ ©©@g)i©g)s©©©id ©fe were first intr©duced ©©he©ing with n©i©- 
tu©es (©pened ©©selecti©^ ©©id©i©i ©f the end c(^s) ©Z©-31© 

@1 ^diti©h t© gr(^hite©sther l©©fered m©eri(^s such ©^ ©© (^ 2 © 6 ©© 2 © (^3© 
©id ©©3 (^4©§lvere predicted t©f©i:m fullerene-like structures, ©he s©hthesis ©f 
these m©eri©s s©©h f©ll©V^ed ©id©recentl©©new f©nilies ©f c%es (e.g. ©© 
@ 5 - 37 ©C©© 2 © (^8-42©E©©3 (^0-42©E©©^ (^3©C© ^4©©id ©<^ (^5(^ were 

m©de. © is n©tew©t*th©th© rel©ed ©/©/© structures were descri©ed in 1©86 ©© 
©©rtlett et (^6©t7©©^ the ©utc©tne ©f therm©l©Sis ©f ©©:i©us precurs©:s (e.g. 
© 2©2 + ©©I3). ©he structure ©f these m©eri©s©g^ well ©^ p©ssi©le gr©vth mech© 
nisms ©^s©ci©ed with their pr©ducti©h©s discussed in the f©il©ving secti©hs. 

©t present©he©i:etic© ©id e©periment© rese©:ch c©htinues t©©tceler©e©©id 
it is likel©th© the pr©p©:ti©i ©f n©i©tu©e pu©lic©i©is de©©ted t©(^plic©i©is 
(©t*©©dl© termed n©i©-engineering) will incre©^e. ©ecent e©©nples include© 
(i) g©^ st©t*%e ©f ©r (^8©©id ©2 (^©^ (ii) ©©© pr©©es (^0©©id field emissi©i 
s©urces ©1-54^ (hi) high p©ver electr©chemic© c^©tit©i:s @5-56(§> ©id 
(i©) the pr©ducti©i ©f n©i©i:©ds (e.g. ©i©©©©©©©fe 3 ©©©©©©gi© ©id ©©@) using 
c©*©©h n©i©tu©es ©^ re©tting templ©es @7©58© ©©ve©fer©n ©:der t©empl©© 
such n©i©tu©es ©t* n©i©i:©ds ©ti ©c©nmerci© ©s^e©it is necess©*©t© c©htr©i 
their gr©vth^ength©di©neter ©id cr©st©linit© 

2 

Carbon Nanotubes 



2.1 

Structure of Carbon Nanotubes 

@1 l©©l©)©jim©©E©f©und©©©electr©i diffr©tti©i©)th© the interl©gfer sp©ting 
within multi-w©led n©i©tu©es (d(oo 2 ) = 3.4 A) w(^ slightl©gre©er th©i th© ©f 
gr^hite (d(oo 2 ) = 3.35 A), ©his f©t w© ©cri©ed t© © c©tn©in©i©i ©f tu©Ule 
cur©©ure ©id ©©1 der ©©©s f©i:ce inter©ti©hs ©etween successi© gr^hene 
l©©rs. ©he ©-r©©diffr©ti©h p©tern is c©hsistent with this sp©ing ©id pr©sides 
inf©t-m©i©i ©©)©ut cr©t©linit©©id structur© dimensi©is in the ©ulk ph©e. 



2.1.1 

Straight Nanotubes 

©©•©©h n©i©tu©es c©hsist ©f c©hcentric he©%©i-rich c©inders©n©de up ©f 
h©©ridised c©*©©i©© in gr(^hite©©id termin©ed ©©end-c^s ©rising fr©tn the 
presence ©f 12 pent%©is (si©per end). © is p©si©le t©c©hstruct ©c^inder ©© 
r©lling up ©he©%©h^ gr(^hene sheet in different w©©. ©v©©f these ©e “n©h- 
helic©” in the sense th© the gr(^hite l©tices © the t©p ©id the ©©tt©tn ©f the 
tu©e ©e p©©lel. ©hese ©r©igements ©e termed “©mch©r” ©id “©g-©%”. ©1 
the ©mch©r structure©w© ©-© ©©ids ©ti ©pp©ite sides ©f e©h he©%©h ©e 
perpendicul© t©the tu©e ©©is©vhere© in the ©g-©% ©r©igement©hese ©©ids 
©e p©©lel t©the tu©e ©©is (©ig. 2©©©). ©1 ©1 ©her c©if©m©i©is©he ©-© 
©©hds lie © ©1 ©igle t©the tu© ©©is ©id ©helic© structure results (©ig. 2c^). 



© . (gferr©nes et 







Fig. 2a -d. ©(giecul©: m©dels ©f single-w©led n©i©tu©es with different helicities© 
©T©igement; ©:mch©r c©nfigur©i©n; tw© different helicities 



©he(si:etic(S c^cul©ti©is indicate th©t the electr©hic pr(sf)erties ©single- 
w(Sled n©i©tu©e will ©©:©(^ ©functi©i ©f its di©neter ©id helicit©(^©-61@8©id 
th© the tu©e m©©©eh©gfe © ©semic©iduct© ©: met©lic c©iduct©:%i©ng rise 
t©the p©si©ilit©©f n©©l (^plic©i©is in s(slid st©e chemistr©©id t©the de©l- 
(^ment ©f n©i©sc©e electr©iic deuces. 



2.1.2 

Tubule Helicities and their implications 

©1 ©rder t©cre©e ©tu©ule©she first selects the ©rigin ©id then ©l©tice 
p©int in the gr(^hene sheet gi©n ©© (see ©ig. 3). ©©ruling up the sheet s© 
th© the ch©en l©tice p©nt is superp©ed in the ©igin©he desired tu©ile is 
gener©ed (©ig. 3). 
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Fig. 3. ©r^hene sheet, ©here ©:e m©i©w©gfe t©r^l it ©^r ©id theref©re©different t^es ©f 
tu©iles. ©his ®fect©r c©n€fenti©n is used t© define e©:h p©nt ©n the l©tice. ©nit©©€fect©rs ^ 
©id 2 necess©©t© determine the railing directi©n e^ressed ©©@fect©r ^ 



©he inde© represents the l©tice p©int which c©i ©e used t© determine 
tu©e di©neter ©id helicit© ©here ©*e tw© w©©s ©f railing the gr(^hite sheet 
(fr©n ©6tk t©fr©it ©: ©ce (fifers(^ resulting in chir© tu(sXiles. 

©he ©feet©: n= 1 + 2 determines the direct!©! ©f railing ©id theref©:e© 

the di©neter c©i ©e expressed © 
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where = 1.42 x • *3 A c©*resp©ids t©the l©tice c©ist©it in the gr(^hite sheet, 
©©e th© the ©-© dist©ice is 1.42 A. 

©he gener©ised descripti©! ©f chir© tu©iles includes the r©ige ©f ©lent© 
ti©is f© n- ©©determine the ©mch©r ©d ©g©% structure in terms ©f 
©d the inclin©i© ©gle 6, it is necess©©t©h©gfe the Ml©ving c©diti©s© 

0=0© 0 where is integer (©g©%) (2) 



0=±3O°© 



(©mch©r) 



( 3 ) 
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©he chir(S ©igle 6 (©igle ©etween ^ the (^g©% directi©i) in defined ^ 



6 = ©"Ct©! 



•*3 
• • 

2 + 



(4) 



©he©:etic© studies suggest th© ©1 ©mch©r fi©:es ©e met©lic©© ©e ©g©% 
tu©ules when is ©multiple ©f three ©0© ©©We©r©©ie m©©©©t©n ©l©ger 
fr©ti©i ©f met©lic tu©s if the seed c^s ©e centred ©©©ut ©pent%©i©vhich 
©ields ©1 ©mch©r ©r©igement. ©he met©lic c©iducti©t©c©iditi©h f© these 
structures c©i ©e written 



(2 + ) . 

• • = integer 



(5) 



©q. (5) is n© s©isfied©t is h©p©hesised th© the tu© m©©e©ii©it semic©- 
ducting pr(eperties ©©-61©©heref©e©©ie third ©f these tu©les m©©© ©e- 
dimensi©© met©s ©d the ©her tw©thirds ©e-dimensi©© semic©duct©s. 



2.1.3 

Electron Diffraction of Nanotubes 

©iectr© diffr©ti© (©©) is ©p©V^erful t©© f© determining the fine structure © 
n©©u©s (e.g. helicit©©nterl©©r sp©ing©tn©ph©©g©©tc.). ©©ve©r©V^hen 
de©ing with multi-w©led n©©u©s©e©r© helicities ©d c©tnple©c©figur© 
ti©s m©© ©ise due t© ©©i©s st©king ©d ©ient©i©s within the gr^hene 
shells. 

©u ©d ©©V^le© studied electr© diffr©ti© p©terns gener©ed ©©multi- 
w©led n©©u©s©©d c©cluded th© up t© nine heli© ©gles m©© (^pe©© 
depending up© the num©r ©f w©ls ©2©©he©©s©n©iced th© the heli©©gle 
ch©ges ©ter three t©fi© gr(^hitic sheets©©d th© f© m©t ©f the tu©s these 
©gles incre©e success!©!© ©© regul© increments. ©rtherm©e©©tne © the 
tu©l© structures p©sess ©p©(%©© (inste©i ©f ©perfectl©circul©) cr©s sec- 
ti©©eflected in the ©© p©terns. 



2.1.4 

Nanotube Caps 

©©©u© end-c(^s pr©side ©r©i©©e f© the gr©vth ©d helicit©© ©tu©. ©s 
n©ed ©re©i®i©pent(%©s (regul©!©© r©d©nl©distri©ted) ©e necess©© 
©d sufficient t©cl©e ©e end ©f ©n©©u©. ©©ve©r©i© pent%©s ©e c©p- 
©de ©f cl©ing © n©©u© in © c©e-like sh^e (s53© ©gures 4 ©d 5 sh©v 
different t©pes ©f n©©u© c^s ©d their ©s©i©ed m©ph©©gies(^epending 
up© the pent%©© ©r©gement within the c(^. ©he str©n intr©duced ©©the 
pent%©s renders the c^s chemic©l©re©ti©. ©©firm©!© ©f this is pr©©ded 
©©©©d©i©©vhich t©ces pl©e in ©r © c© 750°© ©4©(see ©s©©ct. 2.2.2). 
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Fig. 4a -c. ©@:i©us c^s f©r cQ:©©n n©i©tu©ss© hemispheric^- rr den©telike- 

l©pent%©n sites; tri©igul©- (interl©ger sp©:ing c© 0.34 nm) 




Fig. 5a,b. ©ns©mmetric^ n©i©tu©e c^s© irregul©: c^; squ©:e-like (interl©gfer sp©ting 
c© 0.34 nm) 
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2.1.5 

Helix-Shaped and Hemitoroidal Nanotubes 

@1 1©©1 ©©tk©©^d ©ferr(shes (s55©pr©f)©sed(sf(si' the first time©th© the intr©- 
ducti©! ©f hept%©is int© the he©%©i^ gr(^hite netw©*k w©uld gi(sfe rise t© 
neg©i^ cur©©ure. ©i©sequentl®8^jim©et (a56©intr©duced this c©icept with 
respect t©c©:©©i n©i©u©es ©i the ©^is ©f ©le e©r©pent(%©i per hept%©i 
(see ©g. 6©). ©elic©d© ©id t©:©d© gr^hite with 5-(s6- ©id 7-mem©ered c©*- 
©©1 rings w© ©s© predicted the©*etic©l© ©7 - 6©© ©id©l©er©e(^eriment© 
e©dence f©: its e©stence w© ©©;©ned ©©0©70-72©©s ©result©t is p©ssi©e t© 
“curl” ©id “twist” gr(^hite ©©regul©* intr©ducti©i © pent%©i ©id hept%©i 
p©rs int©the he©%©i© gr(^hite netw©*k (©gs. 6 ©id 7). 

©elic©d© n©i©u©es h©gfe ©een ©©ser(6fed ©n©ig the pr©ducts ©©©ned ©© 
p©t-©©is © ©tet©ene ©©r ©c©©©t c©©©t ©0©l©0©3©4©©uring p©©©is 





Fig. 6. ©©i©u©s ediMting neg©i®fe 

cur©@ture due t©the presence © ©pent%©n- 
hept%©n p^r; the 30°-pent%©n declin©i©n 
(r ) c©icels the 30°-hept%©n 

inclin©i©n ( ) Ending with si© 

pent^©ns © the hemispheric© 
c% (interl©Sfer sp©:ing©:© 0.34 nm). 

©elc©id© gr^hite(^imul©ed single-w©l 
c©rkscrew c©:©©n n©i©u©e pr©duced ©© 
interspersing fi€fe ©id se€fen-mem©ered 
rings judici©usl© within the m©nl©he©©- 
g©n© netw©rk 
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(see ©set. 2.3)©he c©(S©tic pQ^ticle e^dentl©pl@gS ©i imp©:t©it r(sle in n©i© 
tu©e gr©vth©;ince the ©:creti©i ©f c©©©i ©©ns (^pe©s t©©ccur ©i the met© 
surfee. ©s ©result(^ifferent r©es ©f c©©©i %gl©tner©i©i m©©©ise within the 
n©i©u©e w©ls ©id ©e resp©isi©ie f© the ©ent structures (e.g. spir©s ©id heli- 
ces; see ©ct. 2.3). ©hese helices ©e multi-w©led ©id c©tnple©h©ve©r©©id the 
simple ©chet©p© single w©l heli©(©g. 6©) (§5©^5©h© ©t t©© rep©ted. 

©lectr© diffr©ti© ©d ©©©©© studies © these c©led n©©u©s re©© the 
presence ©f successi© ©ffset 30° ©nds © regul© inter©©s©vhich c©se the tu© 
t©c©l s©tem©ic©l©©6©©cent c©cul©i©s © these ©chet©p© helices sug- 
gest th© the©m©©p©sess met©lic pr©perties©ietermined ©©the distri©ti©s 
©f fi©- ©d se©n-mem©red rings ©7©78© ©he s©thesis ©f such “perfect” 
helic©d© gr(^hite (©ig. 6©) ©d its use in n©©c©e engineering ©d in elec- 
tr©ics represents © e©iting ch©lenge f© the future. 

©emit©©d© n©©u© tips (©©©l©el©g©ed c©centric d©ghnuts; ©g. 7) 
h©© ©en pr©duced ©©p©s%e ©f © ©c ©tween gr(^hite r©ds ©©©©(©ig. 7 ©©). 
@1 ©dditi©©he f©m©i© ©f hemi-t©©id©-linked structures ©tween ©dj©ent 
c©centric w©ls in p©©l©ic©l©pr©duced c©©© n©©u©s h© ©en ©©ser©d 
©d discussed in det©l ©3©71©©hese structures ^pe© t©f©m © ©result ©f 
©ptim© gr(^hitis©i© ©f tw©© m©e ©dj©ent c©centric gr(^hene tu©les. 

©he gr©vth mech©ism f© these hemi-t©©d© structures rem©ns uncle©. © 
is n©ew©th©th© the ©r©gement f© these “s©k-like” (inw©dl©f©lded; ©g. 7 
structures c© © en©s%ed © c©terised rim-se©s©vhich link the inner © the 




Fig. 7. © ^iecul© m©del ©f ©hemi-t©©id^ n©i©u©e c^©:©sisting ©f tw©c©centric n©i©- 

tu©es j(gined t^ether © their t€p rims 
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Fig 7. ©emi-t©r€id^ n©i©tu©e c^s f©und in the c©h©de dep(g^it ^ter ©rcing he©%©n^ 
©©/gr^hite mi©tures (interl©gfer sp©:ing c© 0.34 nm) 



(sUter tu©es©there©© ®§^ding d(^gling ©^ds (§71© ©hese structures c©i ©e 
th©ught ©f (e^ c(shcentric^l©gr(gv^ing n©i©tu©es which h©§fe ©een feced int© 
©-turns in ©:der t©gener©te ©m©:e st©de gr(^hene c(shfigur©ti©i. ©ec(§Use & 
the inserti(sh (sf n©h-he©%©i^ rings(6felectr©iic pr(sf)erties f©c these structures 
m©©well di^rge fr(etn th(s^e ©f c©i^nti©i(S n©i©tu(stes. 



2.2 

Arc Discharge Techniques 

©he ^timum c(shditi(shs n(^©tu(sfe gener©ti(sh in©d(6fe p©^s(%e (sf ©direct 
current (100 ©) thr(sUgh tw©gr(^hite (6-8 mm di(^eter) electr©des (sep©'(s)- 
ti(6h c© 1 mm) in (^ ©e ©m(s^phere (500 ©©:r). ©uring ©“cing©© dep(s^it 
ferns © ©r©e ©f 1 mm/min (sh the c©h(sde (neg©fe electr(sde)(^here© the 
(^©de (p©siti(6fe electrode) is c(shsumed. ©his dep(s)sit e(dii©its © cig©-like 
structure ((sig. 8)©n which ©gre©h©d shell is dep(s)sited (sh the peripher©©he 
inner c(si:e(^hich is d©k (^d s(sft©(6ht©ns c©©©i n(^©u©es ©id p(sl(diedr(S 
p©ticles. 

(6©© studies ©1 the c©h©de dep©it re©(3 multiple fe©ures. ©ur©d (^d 
c(6tnp©t gr(^hite !©©rs ©e dep©ited ©i the (sUter shell, ©ner c©e dep©its 
c(©it©n (sUndle-like structuresOlvhich c(©it©n r(^d©nl©distri©uted n(^©u©s 
(^d p©©iedr(S p©ticles (©g. ©). © is p©si©e th©(§© ©result © c©(s)(©i ©^©ur 
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Fig. 8a,b. 
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Deposit Formation and Growth Mechanisms 
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Fig. 9a -c. ©©© im^e sequence ©f inner c©re deposit ©undies© l©v res€iuti©n ©f ©©undle 
c©nsisting ©f sm^ler Signed ©indies; higher m^nific©i©n ©f the Signed ©indies; single 
©indie ediMting r©id©ml©distri©ited n©i©u©es 
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h(e^ recentl© ©een f©und th©t if h©ir(sgen is used © ©uffer g(e^ in ©^c 
disch©-ge e(^eriments©he f©:m©i©i (sf ©-© ©©ids © the p©int (sf tu©e gr©Wth 
inhi©its n©i©tu©e cl©sure ©0©©dditi©i©l®he ©©ser©©i©i th© sm©l di©neter 
c©©©i tu©iles ©e c©it©ned within l©ger di©neter tu©iles ©l©pr©©des 
e©dence th© the inner tu©e is denied ©cess t©©c©©©i s©irce during gr©vth. 
©hese tw© results supp©t the (spen-ended mech©iism f© n©i©u©e f©m©i©i 
pr(sp©ed ©©(^’im©©© 

©ulk n©i©u©e gr©vth mech©iisms h©© ©s©©een pr©p©ed ©2-85(§®ie ©f 
the l©est ©eing due t©©©n©©©id ©©©esen ©4©©heir m©del de©s with the c©- 
©©1 ©l©it©distri©ti© in the re©ti© ©©le ne© the c©h©de surf©e ©d c©- 
t©ns tw©gr©ps ©f c©©© species©design©ed f©t ©d sl©v. ©he f©t c©©©s 
©e th©ght t©© ©is©r(^ic (©e s©himetr©©©is) ©d ©e held t©© resp©si©le 
f© the n©©u© length, ©he sec©d (sl©v) gr©p e©i©its © is©r©pic c©©© 
©l©it©distri©ti© (© ©©velli©)©ivhich is p©si©l©resp©si©ie f© n©©u© 
width ©d©ence©nultil©©red n©©tructures. ©his sec©d gr©p m©©© re- 
sp©si©ie f© the f©m©i© ©f p©l©edr(S n©©p©ticles©©d m©©f©©©ur n©© 
tu© coping ©ter ©cing is disc©tinued. 

©j©g© et (S. ©(^©ed c©h©de dep©its ©©©©© ©85©©©d ©©©ned results 
simil© t©th©e descri©d in ©ct. 2.2 ©©s©fe. ©he ©th©s st©e th© nucle©i© 
©d gr©vth ©f n©©tructures c© ©cur ©l©in ©high densit©c©©© ©l^©r© 
©d th© p©©s-like micr©tructures f©m © p©t ©f the inner c©e c©h©de 
dep©it ©85© 

©©©sen et ©. f©nd th© ©igned n©©u©s c©ld © gr©V^n within the inner 
c©e ©ndles © in © fr©t© c©figur©i© ©6© © m©t c©es such n©©u© 
©ignment h© ne©r ©en ©©ser©d ©©©85©© is p©si©le th©©when cutting 
©d/© m©ipul©ing ©ndles©nintenti©© ©ignment ©ises ©8©85©© is im- 
p©t©t t© ©© in mind th© the p©©s micr©tructure©vhich c©stitutes the 
c©h©de c©e©is ©sign ©f r©d©tn dep©iti© ©5© ©©sum up©he gr©vth ©f 
n©©u©les in well-©g©ised p©terns during ©c disch©ge seems unlikel© 



2 . 2.2 

Nanotube Purification 

©©©© n©©u©s pr©duced ©©©c disch©ge techniques c© © freed fr©tn 
p©i©edr© p©ticles ©© differenti© ©)©d©i© ©4; see ©ig. 10© ©his meth©d 
suffers fr©tn the dis©d©©t%e th© m©e th© ©% ©f the ©igin© m©eri© is 
destr©©d©©d the rem©ning n©©u©s l©e their end c(^s ©4©©s ©result© 
further ©ne©ing © high temper©ures (3000 ©) is necess©©in ©der t©elimi- 
n©e d©gling ©©ds © the edges ©f the ^en tu©les. 

©1 the presence ©f ©r©he ©set ©f n©©u© weight l©s ©curs © c© 700°© 
(©ig. 11). ©he m©s then decre©es r(^idl©©d©© c© 860°©©he n©©u©s ©e 
c©tnpletel©©©dised t©©© ©d ©© 2 . ©©c©tnp©is ©©©60 is less resist©t t©©©- 
d©i©. ©gure 1 1 c©tnp©es the weight l©s © temper©ure f© inner c©e dep© 
sits (c©t©ning n©©u©s ©d p©l©edr© p©ticles) ©d © 60 - ©hus n©©u©s 
c©stitute ©e ©f the f©ms ©f c©©© m©t resist©t t©v©ds ©sid©i©. 

©©tun©el©i©-destructi© meth©ds f© sep©©ing c©©© n©©u©s fr©n 
p(si©edr(S p©ticles h©© ©en rep©ted ©7©88©©hese in©©l© the use ©f well- 
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Fig. lOa-c. 



0 



2 




Nanotubes: A Revolution in Materials Science and Electronics 



203 



Thermogravimetric Analysis 




Fig. 11 . ©her metric (©©©) ©f c©:©©n n©i©tu©es ©id ©6o - ©he n©i©u©es ©e 

cle©l©m©re resist©it th©i pure ©50 t©v©ds ©©d©i©n 



dispersed c(slMd^ suspensi(shs (sf tu©es/p©'ticles(st(sUpled with surf©te-(6tti(6fe 
%ents (surf©tt©its©pd©iners ©c ©ther c^Md(S pQ^tides) ©which pre©fent %- 
greg©ti©h. (©[©sequent filtr©i©h (sf the suspensi(shs©using p©i*©us filters @7© 
©id si(6fe e©:lusi©h chr(©n©©gr^h© (§88©©ield si(sfe-gr(6ded ©m(©st pure n(©i© 
tu©es. 



2.3 

Hydrocarbon Pyrolysis 

©©(sl©is (©f h©ir(6t©©©is (e.g. ©en(sfene©©:et©ene(©i^hth©ene©th(©ene©tc.) 
in the presence ©f c©(©©ts (e.g. ©©©©i ©id (sfe dep(©sited ©h su(©str©es such © 
silic(©i(%r(^hite ©c silic(^ pr(s©ides ©1 (sdditi(©i© r©Ute t©fullerenes (©id c©(©©i 
n(©i©u©es. (©ri©i: t© the disc©sfer© (sf fullerenes in l(s85(©p©i:(si©ic(Sl© gr(©vn 
n(©i(©fi©i'es/n©i©u©es h(©i (©:tu©l©©een (s©ser(sfed (©id structur(^l© identified 
(©©se©fer© (©ith(©:s ©4(s8(©-©l© ©sfen © th© e©l©st(%e(s©gr(©vth mech©iism 
w© p©tul©ed in©d©ng met(S (c©©©t) p©ticles©which were held t© ©e 
resp©hsi©ie f© the (%gl(©iier©i(©i (©f c©©©! ©id su©equent ©©© gr(©vth ©f the 
fi©e. 
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2 . 3.1 

Filament Formation 

©he f©:m©i©i ©f c©*©©i fil©nents w(e^ first descri©ed ©^r © centur© %© ©© 
©:hiit^n©erger ©id ©:hiit(sfen©erger (§8©@Owh© pr©duced micr©fil©nents ©© 
posing c©©i(sgen ©^r p©:cel©n © “cherr©red” he©. @i th©e d©g^ it w© imp©- 
si(sie t©©©ser© n©i©neter-sc©e structures ®3th©tigh it is highl©likel©th© the© 
m©©h©© ©een f©med. © is n©V^ well rec(sgnised th© p©(sl©is ©f h©ir©c©©©is 
©id ©f c©©©i m©i©©de ©©r c©©©ts (e. g. ©©®i©gfe©©t ©id ©u) © high tem- 
per©ures (> 600 °©) ©elds gr^hite fil©nents ©id n©i©u©es ©^© 

©©r© ©th©s h©© pr©p©ed mech©isms t©©c©nt f© the f©m©i© ©f 
c©©©i fil©nents ©d n©©u©s ©©p©©l©ing h©dr©©©©is ©©r c©©©ts. © 
present©he f©ll©ving mech©isms h©© ©en widel©rec©gnised. 

1. ©©©©1 diffusi© “thr©gh” c©©©ic p©ticles©©©cer et ©. ©^-©©p©tu- 
l©ed th© dec©tnp©iti© ©f ©et©ene © the e^©ed surf©es ©f the met© 
c©©©t resulted in g©e©s h©dr©gen ©d c©©©. ©he c©©© then diffuses 
thr©gh the c©©©ic p©ticle ©d precipit©es © the ©her end © the fil©nent. 
©he e©©hermic n©ure © h©dr©©©© dec©tnp©iti© results in ©temper© 
ture gr©dient ©r©s the c©©©t©vhich ^pe©s t©© ©cruci© f©t© ©s©i© 
ted with the m©del in questi©. ©hus©©©© is precipit©ed © the c©der ©©e 
© the p©ticle©31©ving the fil©nent t©gr©v (©g. 12 c). ©his pr©ess c©tinues 
until the c©©©ic ©ti©t©© the le©iing p©ticle is “neutr©ised” (©g. 12 d). 
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Fig. 12 . ©r©vth mech©iism p©tul©ed ©©©deer et f© the f©m©i© © c©©©n fil©nents ©© 
p©€i©is © ©et^ene (©2©2) ^ ©met^ p©ticle (© ); (©) den©es c©©©n. (©©m ©^er et ^.) 



2. ©©©© diffusi© “©” c©©©ic p©ticles©©©rd ©d ©©r in l(s74 (§g7©©d 
©©rlin et ©. in 1©6 (§C8©p©tul©ed th© c©©© fil©nents ©e f©med ©©sur- 
f©e diffusi© © the p©ticle (©ig. 13). ©his pr©ess sh©ld © e©ier if the 
c©©©t p©ticles ©e liquid ©4© 

©©©© n©©u©s c© © reg©ded © h©il©v c©©© fil©nents©which m©© 
©c©nt f© preferenti© c©©© gr©ving © selected f©es ©f the c©©©ic p©- 
ticle (§§©©©. e. the © p©ticle is ©iented with its (100) ©©s ©©g the fil©nent 
©©s©vhere© ©/©©© ©/©i ©1©© prefer the (110) ©ient©i©© 
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Fig. 13 . ©:hem(aic illustr^i©n ©f the gr^th mech©iism f©r c©:©©n fibres ©id fil© 

ments farmed ©©p©r€i©ing ©en©ne c©©©tic particles. (©r©m ©©erlin et ^.) 



is imp(s^t(©it t©n©te th©t diffusi©h p©:©neters c©i (Ss©depend critical©©! 
the dimensi©is ©f sm(Sl p©*ticles. © recent m©del ©:c©tints f©: the f©*m©i©i ©f 
h(sil©v fil©nents©©e^ed up©i the precipit©i©i (sf c©:©©! ©i the c©^©ic p©*- 
ticle. ©s ©result%r^hite pl©ies gr©v p©'©lel t©the e©eri©: fi©:e pl©ies ©id © 
h(sil©v c©:e is f©:med ©00©©©ve(6fer©©;her studies ©©©©ell©*d et ©. ©01©©i 
the fil©nent tips where the met© p©'ticle is l©c©ed suggested th© the ©©© 
pl©ies were p©siti©ied © ©i ©igle t©the fil©nent ©©s. @i this c©e©he ©i p©- 
ticles were ©igned with respect t©its ©!2©©©s(sp©©lel t©the fil©nent ©©s 
(c©ie-like structures). 

©©n the ©©s© ©gument©t is cle© th© there m©©n© ©e ©unique gr©Wth 
mech©iism f© the pr©ducti© ©f c©©©i fil©nents ©d n©©u©s. ©h©ging 
p©©neters©uch © t©pe ©f h©dr©©©©i©©©©ts(^©ticle si© ©d temper© 
ture©e©ds t© different fil©nents p©sessing ©©i©s m©ph©i©gies ©d degrees 
©f gr^hitis©i©. ©©ve©r©©©p©©l©is e(^eriment in the presence ©f c©©©ts 
results in the f©m©i© ©f el©g©ed structures. ©heref©e©dep©iti© ©f “uni- 
f©m c©©©t p©ticles” must pl©©©©t© r©ie in preferenti© n©©u© gener© 
ti©©hus c©tr©iling di©neter ©d length. 



2.3.2 

Aligned Nanotubes 

© l©©4©©j©©© ©d c©w©kers gener©ed ©igned n©©u© ©r©© ©©cutting 
thin slices (50-200 nm thick) ©f © n©©u©-c©tnp©ite p©i©Tier ©02© ©he 
tu©s (^pe©ed t©© well sep©©ed © ©result ©f mech©ic© def©m©i© suf- 
fered ©©their ©ing em©dded in the p©i©tner. ©©^e©r©he ©ignment str©gl© 
depended up© the thickness ©f the c©tnp©ite slice ©d the pr©ess ©c©tnes 
impr©tic© f© l©ger ©e© ©02©(©g. 14). ©heref©e©n ©der t©gener©e l©ge 
©e© ©f ©igned n©©u©s©©tern©i© ©Ik gr©vth meth©ds sh©ld © c©si- 
dered. 

© this c©te©(^©er etching ©f c©©dt thin films pr©©des ©n©©l r©te t©c©© 
l©ts which© c©juncti© with the p©^©is ©f ©g©ic precurs©s (e. g. 2-©nin© 
4(§-dichl©© -tri©^ne©tc.) ©ields ©gned n©©u©s ©03©©hese tu©s ©e ©f 
unif©m length (< 100 pm) ©d di©neter (30-50 nm ©d.) ©d gr©v perpendic- 
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2.4 

Laser Vaporisation 



0 O gO J. yO O O j-OgO ^OO O O O O J.O O O 0|.0 0^ 0 00 0 ^O J^O O J.O ^UJ-O ^o 2° o OO O OO O O OO O O o 

gO o o J.O ^o J.O o o o o J.O |.o g °°° ° oOj.ooo oooo -j-ijO ° S °° 2° ° ° ° ° ooo g^jO ° ° SS ° ° 

4-0 0„ i-OOO O O — ,,0 ,._0 „ 0„0 oooo OO OO 4-0 ooo O O „00 O O „0 „00 0^0000 ,._0 ooo 00^000 

1 SI qu w s X I rms s s s in w r 



0^0 0000000 4-0 0 0000 04-0^0 OO 4-0 0 oooo 



o o ooo o ooo 



ooo 000|.0 00000g OOj-g^ O J.O O ^O O Oj.O ^O O O O J.O O O yO O O OO O O O O J.O O O Oj-O yO ooo 

-O 0^0 4. 



0^0 0 4-00 0 0.-000 ^0 0 o „o ,._o ooo 

1 I Ur S W 

ooo „o+o o„oooo ooo,,ooo„,,ooo^ 



O O O ^O 00 0^0 ooo OO J. OOOOOg OO |.00 OOj.OOO 
00 0 00 0 4-^00 0^0 0 0 04-0 00 0 0^„ OO 0^0 ,,0 0 4-0 0 






O OO 4-0 ooo 



J^^0|.00.^0 ooo O oooo |.^0 O g O J.O O J.O o ^o o o 

D ggOO OO ^00^^00 OOj.j^OO OO gOOOOO ggO J^O OO OO^gOO 00^0 



Nanotubes: A Revolution in Materials Science and Electronics 




Fig. 15a-c. 
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2.4.1 

Crystalline Bundles of Single-Walled Nanotubes 
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gr(^hite Oi©de mixtures c^t(^ning ©ttrium nickel ^ 14©©hese (swindles 
deposited (sh ©“c(sil©'et”©‘(©:med ©-©tind the c©h©de%ener©ed ^ter ©^c @^©- 
ris©i©i. ©he©c©istitute the trig©i© l©tice rep©*ted ©©©hess et ©. ©3©©hus© 
©•c disch©*ge r©tites ©-e n©v ©de t©gener©e ©Xindles ©f single-w©led n©i©tu- 
©es in gr©n qu©itities per d©© 

© dis©d©©it%e©©ss©ci©ed with the meth©ds descri©ed ©©©©fe©©:ises fr©m 
the presence ©f c©^©tic p©:ticles. ©©v^e©fer©i:ecent rep©rts h©©3 sh©V^n th© 
sep©©i©h ©f single-w©led n©i©tu©e ©Xindles fr©m the c©©©tic p©:ticles c©h 
©e ©hie©fed ©©chemic© meth©ds. ©©: e©©nple©©shji et ©. ©15©descri©ed © 
technique in©©l©ing h©dr©therm© tre©ment ©f the m©eri©©f©il©ved ©© 
fullerene e©r©ti©h©©©d©i©h ©id met© p©*ticle diss©uti©h. ©his pr©cess led 
t©©©5% pure s©nple ©f sep©:©ed single-w©led n©i©tu©es©©:c©tnp©iied ©© 
p©©iedr© p©*ticles ©id sm©l c©hcentr©i©hs ©f enc(^sul©ed met© p©*ticles. 
©lm©st simult©ie©Usl©©©©id©v et ©. ©16©rep©rted ©technique f©r sep©:©- 
ting single-w©led n©i©tu©es using c©i©hic surf©t©it suspensi©hs. ©he tu©es 
were then tr(^ped ©n ©mem©r©ie filter with©ut res©rting t©the use ©f ©id© 
he© ©r ©©d©i© tre©ment. ©mil© ^pr©©hes©©©ed up©h si© e©lusi©h 
chr©tn©©gr(^h© ©f single-w©led n©i©u©es©h©© ©een perf©med success- 
full©© 17© 



2.5 

Electrolysis 

©he recent disc©©r©th© fullerene-rel©ed n©i©tn©eri©s ©e f©med under 
electr©©ic c©hditi©is ©4©15©©dds further technic© ©id fund©nent© per- 
specti©s t©the n©i©u©e field, ©sing gr^hite electr©des immersed in m©ten 
©©1 under ©g©h©©i©u©e pr©ducti©i c©i ©e impr©©d signific©itl© ©epend- 
ing up©h the c©hditi©is©©tne 20-30% ©f the c©©©i©e©us m©eri© f©i:med 
m©©c©isist ©f gr(^hitic n©i©u©fes. ©nder ©her c©hditi©is quite different m©e- 
ri© is pr©duced. 

©he c©hdensed-ph©e (^p©©us ©5©w© used with ©©1. ©fter electr©©is ©f 
gr(^hite electr©des immersed in the m©ten i©hic s©t (e.g. ©©1 © 600°©)©he 
equipment w© ©l©V^ed t©c©© ©id c©©©i©e©us m©eri©s were sep©©ed ©© 
diss©©ng the i©hic s©t in distilled w©er. ©fter rem©©© ©©filtr©i©h©he s©ids 
re©©ed the presence ©f c©©©i n©i©u©s ©id ©her gr^hite-like n©i©truc- 
tures ©5© 

©©© ©id ©©©©© im(%es © the electr©©ic s©nples re©© the presence © 
n©i©u©s©enc(^sul©ed p©ticles©©n©ph©us c©©©i ©id c©©©i fil©nents. 
©©i©u©s pr©duced in this w©©(see ©g. 18) ©e simil© t©th©e f©med in the 
c©©©i ©c pr©esses (i. e. multi-w©led structures p©sessing interl©©r sp©ings 
© c© 0.34 nm; ©g. 18©). 



2.5.1 

Growth Mechanism for Condensed-Phase Processes 

© is cle© th© the c©h©de immersi©! depth©© well © the current^l©©imp©- 
t©it r©es in c©htr©ling the t^e © n©i©tn©eri© f©med. ©he e(^eriment© 
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Mechanical and Conducting Properties 
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nOi(stu©ss. ©he results sh©ved th© the n©i©tu©es p©sess ©i ©©r%e ©©ing’s 
m©dulus ©f ©= 1.8 ©©©^hich is much higher th©i th© ©f c©tnmerci©l©©©©l©de 
c©©©i fi©res (©©800 ©©©). 

©ecentl©^irect me©urements ©f the ©ending f©cce © ©functi©h ©f displ©e- 
ment©nside ©i ©t©tnic ©©ce © icr©c©pe (©©© )©©i indi©du© c©©©i n©i© 
tu©es re©©ed ©i ©©r%e ©©ung’s m©dulus ©f c© 1.28 ©©©independent ©f tu©e 
di©neter ©5©©i this c©ite©©©©©© et ©. ©6©rep©ted th© c©©©h n©i©u©es 
c©i ©e repe©edl©©ent thr©ugh l©ge ©igles using the tip ©f ©i ©©©©vith©ut 
underg©ng c©©tr©phic Mlure ©6© ©he l©ter me©urements c©ifirm th© c©- 
©©h n©i©u©es ©e e©r©©din©il© fle©©le under l©ge str©n©which m©ces 
them g©©d c©idid©es f© super-str©ig c©©sh-fi©e-reinf©ced m©eri©s. 

©he first tr©isp©t me©urements ©h single ©Undies ©f c©©©U n©i©u©es© 
using tw©g©id c©Ut©ts ©t©hed ©©lith©gr(^hic techniques©e©©ed ©tempe- 
r©ure-dependent resist©ice©which fitted well (2-300 ©) ©simple tw©©©id 
semi-met© m©del ©25©©i©equent me©urements ©U c©©©U n©i©u©es Mng 
©etween c©pl©i© electr©des sh©ved the presence ©f therm© ©ti©©ed electri- 
c© ©eh©©©ur with ©©id g(^s r©iging fr©Ui 6 1©260 me© ©26©© ©e recent c©- 
ducti©t©me©urements © “©igned” ©ndles ©f c©©© n©©u©s ©8©©©27© 
128©sh©ved th© the m©eri© ©h©©d © c©ducting r©ds ©d e©ii©ted ©i- 
s©r©p©in respect ©f tr©sp©t pr©perties f© different ©ignment c©figur©i©s 
©©©126©©© inst©ce©me©urements © ©single ©ndle-like p©ticle t©cen 
fr©Ui the inner c©e c©h©de dep©its (0.5 x 0.6x1.! mm^) ©d c©sisting ©f 
sm©ler ©ndles c©Uip©ed ©f r©d©Uil©distri©ted n©©u©s (©g. ©) re©©ed 
©ne©l©temper©ure-independent c©ducti©t©©©g the ©ndle ©©s. ©©ve©r© 
further micr©v©© c©t©tless c©ducti©t© me©urements sh©ved th© inner 
c©e c©h©de dep©its (n©©u©s/n©©p©ticles gener©ed ©© ©c disch©ge 
meth©ds) e©ii©ted therm© ©ti©©ed ©h©©©r with ©ti©©i© energies ©f 
c© 70 me© ©©©(s©Uiewh© sm©ler th© th©e rep©ted f© indi©du© n©© 
tu©s) ©0© ©ue t© the ©©i©i© in tr©sp©t resp©se ©n©g different ©Ik 
s©nples©it w© c©cluded th© the ©st w©© t© determine the c©ducti©t© 
mech©ism ©f c©©© n©©u©s w©ld © direct f©r-pr©© me©urements © 
well gr(^hitised single tu©s©thus ©©©ding c©t©t pr©©lems ©d inh©Ui© 
geneities within the n©©tructures c©t©ned in the me©ured s©nples. 

©ngle multi-l©©red n©©u© c©ducti©t©me©urements (©g. 20) re©©ed 
th© e©h n©©u© e©ii©ts unique c©ducti©t©pr^erties ©0©l©3e©ding t© 
©©h met©lic ©d n©-met©lic ©h©©©r (resisti©ties © 300 © ©f c© 1.2 x 10"^ 
t©5.1 X 10"^ ©m cm; ©ti©©i© energies < 300 me© f© semic©ducting tu©s) 
©0©©his suggests th© the ge©Uietric differences (e.g. ©nds©ielicit©©ii©neter© 
etc.) ©d gr(^hitis©i© ©f the structures pl©©imp©t©t r©les in the electr©ic 
©h©gi©r. @1 ©dditi©©©ndles ©f single-w©led n©©u©s h©© ©en sh©vn t© 
©h©© © met©s with resisti©ties in the 0.34 x 10"^ t© 1.0 x 10"^ ©m cm r©ge 
©3© 

©he m©t recent ©hie©ment in this respect©n©©i©s tr©sp©t me©ure- 
ments © ©single-w©led n©©u© (1 nm in di©neter; ©ig. 21)©h©ving th© it 
©h©©s © ©qu©tum wire©n which electric© c©ducti© seems t©©cur ©© 
well-sep©©ed(^iscrete electr© st©es th© ©e qu©tum-mech©ic©l©c©erent 
©©r l©g dist©ces ©E2© 
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4 

Encapsulates 

©QC^sul©ti^ ©© cQ-Osh nOi©tu©es Old the fffiricOiOi Of nOiOcOnpOsite 
mOteriOs using nOiOtuOes (s^ reOtting templOes cOi nOv ©e cOrried Out using © 
rOige ©f dispO*©te techniques, ©he intr©ducti©h ©f metOsOnet^ cO^Oides ©: ©O- 
des int©n©i©tu©es mOOOter signific©itl©their cOiducting ©id electrOiic pro- 
perties c©ised ©©the intern© fr©new©t*k within the structures, ©he MlOving 
sectiOh discusses methods f©t* generOing filled nOiOtuOes. 



4.1 

Metal Nanowires and Encapsulated Particles 

©epic© ©:c disch©*ge e(^eriments©n which the gr(^hite ©lOde w(^ drilled ©id 
p©:ked with Omet©©ed tOthe f©t-m©i©i ©f n©i©tuOes ©id p©©iedr© pO^ticles 
© the c©hOde©©©th c©ht©ning enc^sulOed met©s ©id c©©des ©20- 134©© 
pr©©em ©ises fr©tn the ©:c dischOrge technique in th© n©i©u©es ©e there©© 
©hi© p©tl© filled, ©his f©t m©©©e dis©d©©it%e©us if n©i©c©e (^plic©i©hs 
(e.g. c©hducti©h) ©e tO© cOisidered. ©centl©g©©isse© ©id 0©c©d f©nd 
(^tim© c©hditi©hs f© m©e-©-less cOhiplete enc(^sul©i©h ©f ©©gffl©©id ©e 
using ©c disch©ge techniques ©35©© w© cOicluded fr©hi ©lied e(^eriments 
©36©th© elements with incOnplete electrOiic shells stOOd the ©st ch©ice ©f 
©ing enc(^sul©ed. 0©ve©r©he grOvth mech©iism ©s©i©ed with these 
filled n©i©u©s (termed n©i©vires) is n© well understood, ©t present it h© 
pr©©d p©si©e t©enc(^sul©e 0©pl©m©©cs ©0©2 ©37©80©2 ©30©38©§©©©2 
©3©©8©e©2 ©34©3©©8©d2©3 ©36©40©8©i©©36©41©®4©3©42©8©r©©42©8g©© 
©©©134O1370C©©© ©©©1430C©©© ©©©g©f© ©44©g©fe3© ©36©C©i3© ©36©©id 
©her c©©des © ©r ©36©8©©©36©©id ©©©36©©nlO©few met©s such © © n© 
©©©id ©u©©id semicOhducting elements like ©0©e ©id ©OhO© ©en inserted 
int©n©i©u©s without c©©de f©m©i©h t©cing pl©e. 

©hemic© techniques hO© ©sO©en used t©prep©e n©i©u©-enc^sul©ed 
m©eri©s. @i this cOhte©©©©©! n©i©u©s were ©©d©i©l©Opened ©©©Oiling 
©que©s nitric ©id©hen filled with ©©des © ©i ©450©©© ©45©©Ofe ©450© 
© ©45©§© ©©46©8©i ©47©48©§©d ©4©©8©n ©4©fflh ©4©©8©©©4©©§©e ©4©§© 
©r ©4©S©© ©4©6©©r ©4©©©©d ©4©6gpure met©s such © ©d ©500©©g ©510© 
©u ©51©^r©teins ©: enOghies (e.g. ©n2©d5-met©l©thi©hein©:©t©chr©hie c(3)0 
)3-l©:t©n(©e ©8©id ©O© c©hiple©s) ©52©53©§©id ©U 2 © ©4©©8©u©l ©51©§©d© 
©4©©©©wetting techniques (see ©g. 23; ©s©©48©4©^. ©1 ©dditi©h©©ther c(^il- 
l©:it© wetting methOdsOsuch © he©ing the elements with ©pen-ended n©i©- 
tu©es©i©gfe led tOthe intrOductiOh ©f the elements ©©§©i©©s©©©id ©fe intOn©!©- 
tuOes ©E©-31©©t'©hi these studiesOt w© c©hcluded th© ©hlOlOv surf©e ten- 
si©h su©st©ices c©i ©e introduced int©n©i©u©es. 

©©0©h n©i©u©es ©s©re©t with met© ©©ides ©©)©©fe 1200°©t0©ield c©Oide 
nOiO'Ods ©7©8©(i. e. filOnents c©hsisting ©f pure met© c©©des which ©e n© 
enc^sulOedOi. e. ©i©©©©©©©fe 3 ©©©©©©©i© ©id ©O©). ©jO©©i ©id c©w©i:kers 
rep©t*ted th© it is ©sOp©si©e tOcO© c©0©h n©i©u©es with ©single 10©r ©f 
met© ©©de (e.g. © 2 © 5 ) in ©dditiOi t© inserting the ©©ides intOthe c©e ©54© 





Fig. 23. ©© 2-0 filled n@i©tu©e gener^ed ®©©^- 

d©ti(gfe €^ening ©f c<a-©©n n©i©tu©es in ©^ling 
nitric ©:id©hen filled with met^ ©^de^nterl©gfer 
sp©:ing^© 0.34 nm (©©urtes©©f © ©. ©id 

©©© ©©ris ©45^. ©i-filled n©i©u©e gr©wn 
during p©r©©is ©f s©id ©rg©iic precurs©rs (inter- 
l©gfer sp©:ing©:© 0.34 nm; c©urtes©©f ©. ©r©©ert 
©id ©. © 2 rr©nes). ©©© filled n©i©tu©e gener©ed 
©©c^ill©it©techniques (interl@gfer sp©:ing© 
c© 0.34 nm; c©urtes©©f ©© . ©j©g©i) 
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Non-Carbon Nanorods 
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5.1 

BN Nanotubes 



A- AA AAA AAAAAsRkAk tA AA A AAA- A^AAA AUiAuA AAAr^ AAA^AtA sAA AA 
AtAASs a ArptMstruAturA AA-AAAAA2.AAAAAA6.66 A; Ari^^AAAAAA2.A6 AA 
AA6.71 AA A rAAArAAAA AAArAA;ArAtA AAtAA AAAry systAA AAAA p ArAA tA 
ArApAAAAA tAAA»AAt AVAr-Ay-%Ar stAAAMAAAAAAA..AAA wAMtAAA 3 A 3 
AAAAAAAs AA4)sAAAAAAArAAtAwAAA3A3 AAAAAAAs AAAAA 26AAurtAArA ArAA 



lW. 



AAAArAAAAAstuAAAs suAA^t AB2AtAAt AA AAAAtuAA sAAu^ AAsAA^AAAAAuA 

tArs waA AAAAA.^ AAA AAA AwAr tAAAiA Aui^AA. AAA pr^Arty A 
AAAt AAiuAAaM AtArAAAAAAty AAA tAAAuA AAr AAwAm. AAwAi^ArArAAAAt AA 
MiKAMiiMiMiAs sAAw tAA uAAAr pAyAAAAAtiA^AAA AAAAtuAAs rAAuAAtAAA 
AAAAAap tAAA i.A-2 AA A6AaAA^ AAAAppA& tAAArMtAAt tAAAMMAAA 
A ^ tA^A&AAMusAA A sAMAA AA A^AaApaA AAtAAAA^A MAM 

AAtAAAAuAAs A AAuAis AAA tuAA AAA 1.22 ± A 2 AAAAAA 6 AAAAAAA s vArAus 
tMkkmm AAA^U^ A7Ai72^rAm tAA AA mAA 

aAAA^ AystAffiAAAA a ^ AAtAAstrAAAAt AsuAAAAAAAmtA A6AAl7AA 
A aAaA a a AAt pAsAAtAAAAAAAAAMs AAAtAAAAAAAA AA AAAArAAs 
AAA pAAtAAAAs A X^tAAAAsAAAA A AAAAisAA-A AAAA-A AAAAs wAAArAAs 



Graphite 



Hexagonal BN 







Fig. 26 a, b. ArystMstruAurAsA ArAA AAwAaAA-AA AAAAA>AAAA* tAA AAAA... stAAAJL4. 
sAjuAAAAAA-AAAAAwiL^A-AA sAAAs AA&siL\AA^.AAA aaA AAA&sA A AaAvA^vAsAm 
A tA^A spAA?^3.33 A; • pAAA AA>AAAAystA&AAwi^AA AAAa... stAAAMAA^AifyA 
AktAAAk 3 . 3 AA 
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Ore less stOde (e.g. the presence Of ©-© ©Olds le©ds t©the f©^mOi©h ©f st©de 
©2 molecules ©t high temperOtures). ©heref©i:e©t is necessO©t©intr©duce e©fen- 
mem©ered ©© ringsOuch O squOes ©t* ©ct%©hs©in ©t*der t© ©thieO cl©sure 
within the ©© he©%©hO sheet, ©filer’s ©©iv f©t* e©fen-mem©ered rings cOi ©e 
written O -0 - ©vhere ©id equ^ the num©er ©f squOres ©id 

©ct%©hs respectiOl© © is thus cle©* th© the intr©ducti©h ©f si© squ©*es will 
close ©©© structure if the num©er ©f ©ct%Ois is ©fer© 

©1 pO-ticul©:©©© n©i©tu©es ©id enc(^sul©ed pOlOiedr© nOiOpOticles h©© 
©een pr©duced ©©Oc dischOrge techniques empl©©ing he©%©h© ©©t*©i nitride 
©id tr©isiti©h met©s (i.e. © 05©8©©06©©id ©f 07^. ©One ©f the n©iOu©es 
shOv met©/nitride/©Oide pOticles © their tips depending ©h the met© in- 
©SOd in the Oc pr©cess. ©i Oher c©es©i©iOu©es with fl© c^s (n©met© pO- 
ticles) Oe f©und (©ig. 27). © gener© result fr©tn these e©periments is th© the 
num©er ©f l©Ors (c© 2-7) in these tu©Ules tends t©©e l©V^er thOi in cO©Oi 
n©iOu©fes. ©1 pOticulOOOf©^ ©id ©©©ised in cOijunctiOi with the Oc (^pOOus© 
generOe squOe-c(^ped nOiOu©fes^©ssi©©due t©the pr©ducti©i ©f squOe ©^©2 
rings in the pred©tninOitl©he©%©h© netwOk (©ig. 27). ©iectrOi ©nerg©©©ss 
(^ectrOsc^© (©©©©) meOurements ©s© shOved th© the nOiOu©es e©ii©it 
c© 1 © ©® r©i©s 05 - 37© 

©Oer ©^Ois©iOi ©f h-©© under nitr©gen © high pressure ©s©le©ds t©©© 
n©iOu©esOvhich ^pOentl©grOv frOtn disOdered ©© m©eri© ©73© ©1 this 
cOe the tu©es Oe p©Ol© crOt©line©p©ssi©© due t© disl©c©i©hs Old defects 
within the he©%Oi© frOnewOk. ©OveOr©urther high electrOi irrOliOiOi is 
c^©©e ©f Oine©ing such ©defect ©73© 



5.2 

BC2N Nanofibres and Tubes 

©@©@©@ mOeri©s constitute ©lOher pOssiOe 100r-0©100r sOtemOtOtnpOsed 
©f h-©© ©id gr(^hite h©Oids. ©he©mO©©e semicOiductOsOOid ©e used O 
phOOuminescent mOeri©s (light sOUrces)©r©isistOs wOking © high tempe- 
r©ures©ightweight electric© cOhductOs O high temper©ure luOricOits ©74© 
©hese ^plic©iOis depend nO Oil©Oh the cOtnpOsitiOi ©ut ©s©Oi the OrOi- 
gement ©f the ©0© ©id © ©Otns. 

©© 2 © n©iOu©es©n pOticulO©iOO ©een prOpOsed the0etic©l©03040)©id 
their successful sOithesis descriOfed elsewhere 08 -42© ©hese tu©ulO structu- 
res Oe predicted t©©e semiconducting 03© 

©OOOic methods cOi ©e used t© generOe ©©@© nOiOuOfes. ©hese techni- 
quesOvhen cOnipOed with Oc dischOge methOdsOprOduce ©rOher unifOm 
rOige ©f 0©@© nOiOstructuresOpreserOing stOchiOnietr© Ol© @1 pOticulO© 
pO©Ois ©f ©©3©© • ©©I3 OOr c©0©t pOV^der © ©50- 1000°©le0ds t©c© 0©©2©,^ 
(©=0.3 -0.6) nOiOfiOres Old nOiOuOfes possessing different mOphOlOgies O 
cOnipOed with nOiOuOfes produced in the plOmOOc. 

©he 00©2©gj^ nOiOfiOes/nOiOuOtesOprOduced 0© pOOlOisOgenerOe 
c©indric© 100r-0©100r tuOfesOnOst ©f which (>©)%) (^peOed t© consist ©f 
stOtked cOies in which the gener© cOie-cOne surfOte sepOOiOn is clOse t©th© 
©f gr(^hite. ©he cOie ©Os (^peO t©©e rOnghl©©igned with the OOr©l nOi©- 
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tMA&A MAkPpAkA^ks MA kAUkAMpkk 

tMMkks sMiAkkc}pAkkAkAk JkckktrAks ArAAxpAAAAwA^AA^ AArA&AA 
Ay sSkMAtAAAkkk sMAtA ^ AtAAus AAAArAiA^tAAAAxA AaaAmtAA 
AMAhl^Ak Msk AaA^A^ a AAAA AA prAvAAA A syAAAA AA AAAAA 
Aaaaaus AkJk AAkkuAk Ay AAikMA/AA/A AAApA&s uAAA AAArAAAAmw 
A^Aa^ AwA^AAAAAALA tuAuA* struAurA pAs As ArAA AtA AAA AAsAAA 
AA^A%A kk 

kkkkkkkrkitk AvaAAAAA^ AaAaA A A^^^'uAAiA wAA A^^AAAAAAAAA 
AAA A AArAAAA AA ApAAAy^AAA AAAAuAA MAsAtAAA kkkkkM{skkkwMkk 
mkkkk AaAAAAAAAs (AmaAaAAaa AAAAuAAAAwAAAAAAAAsAAA AAaA 
up iAAAAat AAAAAAtAAAtA tAaAa AAAAtuAAA struAurAAAA sAaA ^^pAAA 
rAkAkkwkkkkmek 



5.3 

B/N Doped Carbon Nanotubes 



AAA As A a aaAAaa/ A^aAa A Atur A tAApAA AAAaAAatAA aAAaluaA AA 
vAyAAAAA stAAAAA ArAAAAAAAAAAAtuAA AAAAAAA AAAAA tAAA tA>s 
M-mhAk/ 7 Mkk AAAAAM yMs AkAMAk AiM^AAk (MAA^aAA^, MA 
A^a AMA pirMtA A,a AAMzA 

AAA A AAtA Ai^AAAprAAAs AAAA AAAAAAus AAi^A spAAAA(AAA 
3AA-3 AAA^Aaa^ AAAMApM 

rAAAA^AA^AAArAAArAAs AAA AAAtrAutMtAAAAAs AAusAA Ay t AAAAAAA 
AAAA kkkJkJ^MkkMkkukixMs {kJkkpkJ^kkkkkkks sAAAAA A2AAAA AAAwA^A 




Fig. 28. • Ak 2 k^AAkAmk(k^AMMkstAmkAkkkkk 
Ay pyrAysA AAAA3AA-AA4 A AAA°A AvA AA 
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Fig. 28. ©©©©spectrum ne©: ©n©i©fi©re tip shaving the i©nis©i©n edges © c© 188 e©© 
284 e© ©id 3©©e©©:©rresp©nding t©the ©-shell edges ©f ©@© ©id © respecti©!© ©he © ©id © 
regi©ns sh©vs sh©-pl© defined tt* ©id cr* pre-i©nis©i©n-edge fine structur© fe©ures©vhich 
©e well-kn©vn indic©©rs ©f ^ h©©ridis©i©i (seen in grQihitic structures) 



c(shducti^t©me^urements sh©v th© these © d(sf)ed structures ©e intrinsic^- 
l©met(Slic (©ig. 2 ©) ©©®hus differing fr©n st©id©'d pure c©*©©i n©i©tu©es 
which sh©W therm^l©-©:ti©©ed tr©isp©'t (see ©feet. 3). ©©©©©i^©^is re©fe^s 
th© ©sm©l percent%e ©f tu©es e(dii©it st©ichi©netries cl©se t ©©©3 ©2©108© 
©mil© ©c e(^eriments using ©©©i ©id gr(^hite gener©e ©©3 isl©ids in c©- 
©©1 n©i©u©s ©77©© is ©lie©d th© these isl©ids ©ter signific©itl©the 1 ©© 
densit©©f st©es (©©©©) fr©n ©semimet© t©©i intrinsic met© (©g. 2 ©)®id ©e 
c©isistent with the©etic© c©cul©i©is ©77© 

©©i©u©s c©i ©s© © d^ed ©© intr©ducing nitr(sgen int© the gr(^hitic 
netw©k. ©© e©©nple(^©©©is ©f tri©©nes ©©r ©©c©©©ts ©03©56©gener© 
tes c©©©i n©i©u©s c©it©ning nitr(sgen (< 5 %). ©©©©is e(^eriments ©©©n 
et ©. using p©idine ©id meth©p©imidine ©s© led t© n©i©u©s c©it©ning 
nitr^en ©78©©ecent ©c©mts ©©©n et ©. ©7©©©id ©©©rr©ies et ©. ©80© 
descri©d n©i©u©s with st©chi©netries cl©e t© ©i 2 ©©©id c©ifirmed th© 
nitr^en is ©©ided in ©1 ^ f©hi©i within the c©©©i fr©new©k. ©he l©ter 

tu©s ©e e©il©©©dised (e.g. c©n©isti©i sets in © c© 450 °© in ©r©vhere© 
pure c©©©i tu©s d©n© ignite in ©r ©1©W c© 700°©) ©7©©©r(^hitis©i©i is 
©r©dependent up©i nitr(sgen c©icentr©i©i (i.e. the less the nitr(sgen c©itent 
the m©e gr(^hitic ©id str©ght the n©i©u©s ©c©ne) ©56©180©©mnelling 
c©iduct©ice © these ©-d^ed tu©es is gener©!© higher th©i th© © multi- 
w©led ©1-c©©©! n©i©u©es ©7©© 
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Fig. 29. ©©©©©f c©:©©n n©i©tu©es ©id ©©r©n-d€^ed c©'©©n n©i©tu©es ©77© © is inter- 

esting t©n©e the intrinsic met©lic ©eh©©©ur ©f the d^ed tu©es. © p€^si©e e<gpl©i©i©n is 
©©ed up©n the e©stence ©f ©©3 isl©ids within the c©©©n he©%©n© netw©k (c©urtes©©f 
©.©. ©j@g©i). ©icr©v©gfe c©nducti©t© me©urements ©f ©-d€ped n©i©u©es ©©t©ned ©© 
©cing ©mi©ure ©f h-©© ©id gr(^hite in ©1 ©e ©m©phere e©ii©iting the unusu© met©lic 
©eh©©©ur ©©© 
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6 

Future Applications 

©Ullerene-rel©ted m©teri^s science e©d(fifed r(^idl©(s®fer the p(^t dec(sde®id 

©f(e^cin©ting field ©f n©i©techn©i(sg©h©^ n©V^ (spened up. © ©i©(^plic©i©is ©f 
c©*©©! n©i©tu©es ©-e en©is%ed©©n©ig which n©i©-sc©e engineering ©id 
electr©iics ©:e pr©ninent. 

©©: e©©nple©^r©recentl©©ekker et ©. f©©:ic©ed ©three-termin© switch- 
©de dedce ©©ed up©i ©single n©i©tu©e mdecule ©81© ©his tr©isist©:©vhich 
(^er©es © r©©n temper©ure©©isists ©f ©semic©iducting single-wdled n©i©- 
tu©e c©inected t©met© n©i©electr©des. ©he perf©t'm©ice©n terms ©f switching 
speed due t©l©V^ c(^©:it©ice©s e©tellent ©81© 

©n inherent pr©dem ©s©ci©ed with n©i©tu©es lies in the difficult©in m©ii- 
pul©ing them, ©i this c©hte©©© meth©d de©ised t© c©htr©i the length ©id© 
c©hsequentl©©;he electr©hic pr©perties ©f indi©idu© n©i©tu©es ©©©©© n©i©- 
structuring h© ©een rep©t*ted ©82©©his technique ©l©vs ©he t©cut n©i©tu©es 
int©sh©i:ter secti©hs©vhich m©©©e useful f©c future c©hstructi©h ©f m©lecul© 
m©thiner©©id/©: n©i©-sc©e circuits. 

©itegr©i©h ©f multiple de©ices int© circuits m©©©fe fe©i©le in future if m©lec- 
ul© self ©sem©i©meth©ds c©i ©e c©htr©lled©thus pr©ducing n©i©tu©es with 
desired dimensi©hs ©id pr^erties. ©i this c©hte©©©©© im%es - ©f inner c©e 
c©h©de dep©sits pr©duced in the ©c e^eriment - sh©v the e©istence ©f 30°-©ent 
multi-wdled n©i©u©es ©©©108©83©(©ig. 30). ©hese ©ends ©ise © ©result ©f 
pent%©h inserti©h (©uter rim with p©iti© cur©©ure) m©ched ©©the inclusi©h 
©f ©hept%©h (inner rim with neg©i© cur©©ure) ©h ©pp©ite sides ©f the tu©h- 
le (©ig. 30). ©urther electr©h diffr©ti©h studies ©©©08©©f these ©ent structures 
h©© sh©vn th© the he©%©h chir©it©ch©iges ©©30° c©hsequent up©h the 30° 
©igle ©end. 

©elicit©ch©iges ©©30° m©©c©Use signific©it ©©i©i©hs in the electr©hic pr© 
perties (e.g. fr©hi metdlic c©hduct© t© semic©hduct© ©ec©Use ©©end c©i 
tr©isf©t-m ©©g-©% c©hfigur©i©h int© ©i ©mch©r ©r©igement). ©he pr© 
perties ©f these ©ent structures h©© ©een widel©in©stig©ed ©©©©n©in et ©. 
©84-186©©id ©hers ©87© ©he results sh©v th© met©-met© ©id semic©h- 
duct©-met© n©i©sc©e juncti©hs ©ise fr©hi the presence ©f ©single pent%©h- 
hept%©h p©r within the tu©hle. ©heref©e©hese structures m©© ©eh©© © 
n©i©switches. ©©ilins et ©. ©©ser©d ©©upt tr©isp©t ch©iges (fr©hi gr^hite- 
like resp©hse t©highl©n©h-line©) ©©hg single w©led n©i©u©es ©88© ©hese 
ch©iges m©©© due t©the presence ©f defects such © pent%©h-hept%©h p©rs 
©8©- l©l©©©ve©r(§further in©stig©i©h is needed in ©der t©c©hfirm this ©id 
©her t©p©i©gicd defect cdcul©i©s within gr^hite netw©ks (e.g. pent%©- 
hept%©(^ent%©-©t%©©tc.) ©8©- l©3©©dditi©dl©©i©©vires © metd 
enc(^sul©ed n©i©u©s ©id n©©©ds m©©ds©h©© ©signific©t r©ie t©pl©©in 
n©i©cde electr©ic circuit c©structi©. 

©©©1 structures ©©ed up© c©©©©uch © c©centric gi©t fullerenes 
©©©ggr^hite c©es (see ©g. 31) ©©5©l©6©Cgr(^hitic cu©s ©©©©d discs 
©©5©0©ndles ©f t©i (see ©g. 32) ©2®helices ©0-ll©©d met©/gr(^hite 
needles ©57©h©© ©en successful!© gener©ed©©id ©v©t tr©sp©t ©d me- 
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Fig. 32. ©3©ining f©rce im^e ©f ©bundle ©f t©ri (bundle ©f t©r€id^ single w^led n©i©tu©es; 
r©dius c© 300 nm) gener©ed ©©l€^er ©^©ris©ti©n ©f gr^hite ^2© ©he structure edii©its ©i 
^p©ent height ©f c© 1.5 nm ©id width ©f 4-8 nm (©©urtes©©f ©. ©ekker). ©©del ©f © 
t©©d© 240-©©m gr^hite structure (©©urtes©©f ©. © 2 rr©nes) 



©:e t©©e de©fel^ed. © is likel©th©©n the ne©* future©i©efel n©i©-sc^e m©eri- 
(Ss including n©i©fi©es©i©i©vires ©id n©i©©ds m©©^s©pr©efe t©© useful in 
©pt©lectr©iic sens©s©hree-dimensi©i^ c©np©ite m©eri^s©i©©l c©^©ic 
supp©ts ©id ©i(si©gic^ micr©filters. 
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